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General Part*). 

A. Introduction. 

A comprehensive theory of biological oxidation catalysis is being developed on 
the basis of two theories which only a few years ago were considered incompatible. 
We refer to the theories of Otto Warburg and of Heinrich Wieland. The battle 
cries „activation of hydrogen” and „activation of oxygen” have lost much of their 
significance due to the progress made in our understanding of the underlying mecha- 
nisms. Strictly speaking, neither an activation of hydrogen nor of oxygen occurs 
in biological oxidation. Both terms are eliminated in an exact description of the 
mechanism. However, they may be retained as a matter of convenience for the purpose 
of describing certain important relationships. 

If a mere description is intended it would be more correct to call the better known 
biological oxidations dehydrogenation catalyses instead of o xidat ion catalyses. 
In all of these processes — a few rathor obscure instances excepted — a transfer of 
hydrogen takes place. Theoretically it does not matter whether molecular oxygen 
or another chemical compound functions as the acceptor of the hydrogen. This con- 
clusion is important because it adds the concept of theoretical uniformity of the 
mechanism of such reactions to the recognition of the biological uniformity of 
dehydrogenation without oxygen (arioxy bio sis) and dehydrogenation with oxygen 
(oxybiosis). Theoretically it is of secondary importance, whether the acceptor of 
the hydrogen is autoxidizable, i.e. capable of further transfer of the hydrogen to 
molecular oxygen as the acceptor; or whether it is not autoxidizable, i.e. capable of 
hydrogen transfer to other chemical compounds; or whether the system may utilize 
both types of acceptors. The point of primary importance is the hydrogen transfer 
itself, representing the disturbance of an equilibrium whereby the hydrogen of an 
organic compound, called the donator, is first labilized and then shifted to another 
compound, the ac cop tor, in accordance with a thermodynamic potential. If the 
acceptor is molecular oxygen, ultimate oxidation via hydrogen peroxide to water 
takes place; if the acceptor is another chemical compound, anoxybiontic reactions 
occur which wo call oxido-reductions. 

Processes of both kinds may occur spontaneously, i.e. without catalysis, if tin 
thermodynamic potential driving the general reaction 

DH 2 + Acc — > D f AccIL» (1) 

is not opposed by kinetic hinderances. In case the reaction proceeds too slowly it 
may be catalysed by inserting new reactants which speed up the process and which 
thereby function as catalysts. The general equation becomes: 

*) The whole subject has been reviewed in detail by v. Euler (288) and by Oppenheimer (905). 
Important special aspects are treated in the publications (1169, 1171, 1373, 1374, 974, 105, 106. 
903, 904, 1302, 804). 

Oppenheimer-Stern, Biological Oxidation. 1 
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DHg + Cat -> D + Cat H 2 + Acc -> D + Cat + AccHj* .... (2) 

It follows that in each case the catalyst must represent a reversible oxidation- 
reduction systom. It must be able to accept readily hydrogen from the donator in 
accordance with the natural thermodynamic potential and to give it off just as readily 
to an acceptor of higher potential. By virtue of this cyclic change from the oxidized 
to the reduced state and back to the oxidized state the catalyst eliminates the inherent 
kinetic obstacles in the system and promotes the completion of reaction (1) in accor- 
dance with the laws of thermodynamics. 

Later it will be shown that there exist certain relationships between thermodyna- 
mics and kinetics. Here it may suffice to mention that a thermodynamic potential 
which is too steep may inhibit the reaction and may require the interposition of 
oxidation-reduction systems of intermediary potential range as catalysts. Cortain 
products of sugar decomposition, for instance, which possess a strongly negative 
potential are unable to yield hydrogen directly to molecular oxygen or to the strongly 
positive heinin systems. A whole series of catalysts with graded potentials is required 
in this case to permit the hydrogen transfer from the sugar to oxygen via the hemin 
systems. 

The reaction scheme (2) represents the general mechanism of dehydrogenation 
catalysis. In order to achieve complete oxidation it is necessary for the hydrogen to 
be ultimately received by an autoxidizable redox system which in turn reduces oxygen 
to hydrogen peroxide: 

1)112 + Cat — > D + Cat H 2 + 0 2 ->D + Cat + II 2 0 2 . 

Hydrogen peroxide is then transformed into water either by simple (“catalatic”) 
decomposition or by subsequent hydrogenation. 

The greatest obstacle preventing a merging of the theories of Warburg and 
Wieland was Wieland’s conception that dehydrogenation catalysts were specific 
only with respect to tho donator but not with regard to the acceptor (hydrogen peroxide 
excopted (p. 34)). In other words, once the hydrogen is “activated”, it should go 
to any accoptor including molecular oxygen. Subsequent experiments from the school 
of Wieland, notably those of Bertiio, have shown that the dehydrogenases of 
Wieland are not only “donator-specific” but also “acceptor-specific”; only such 
catalysts which have an affinity for oxygen, and are therefore autoxidizable systems, 
may effect terminal oxidation. The postulate of Warburg that only certain systems 
can effect the ultimate oxidation is therefore justified. Today we know that the most 
important autoxidizable catalyst of living cells is the respiratory fermont of Warburg. 

Tho reconciliation of the two theories includes the polemics concerning certain 
definitions. Strictly speaking there exists neither primary “activation” of hydrogen 
nor of oxygen. If wo express oxido-reduction in terms of electron changes, the “acti- 
vation” of the hydrogen consists in the labilization of hydrogen and subsequent libe- 
ration of an hydrogen ion (proton); the corresponding electron is taken up by the 
acceptor which is thereby reduced. The “activation” of the oxygen, on tho other hand, 
consists in the charging of tho oxygen molecule with two olectrons which serve as 
the points of attachment of tho liberated hydrogen ions: 

])1I 2 + () 2 ->T) + 2 H+ + 2 e + 0 2 -^I) + -O—O- + 2 H + -> D + H 2 0 2 *). 


*) Tho symbol -O — 0“ is meant solely to indicate the charging of the oxygen; it does not imply 
a suggestion as to the physical meaning of this type of charge. 
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Both processes are coupled inseparably: Ultimate oxidation is achieved by simul- 
taneous „activation” of both hydrogen and oxygen. 

It may bo of interest to mention briefly at this point, that formerly ,, activation 
of oxygen” was conceived quite differently and that Warburg initially reckoned with 
such an activation by his iron systems. Wo refer to the process of activation via metal 
peroxides. Such a primary activation of oxygen by a rearrangement of the inert molecule 
0 2 to — 0 — 0 — may undoubtedly occur in certain instances, e.g. during the catalytic 
hydrogenation of molecular oxygen. In this way inorganic and organic substances of 
strongly oxidizing character may arise. However, this process is certainly not of 
decisive importance in biological reactions. Firstly, it is not known whether a catalysis 
is possible at all in this manner or whether only induced oxidations are thereby carried 
out. Furthermore, there is little indication that such reactions are essential for vital 
oxidation, e.g. of double bonds of unsaturated fatty acids. 

In principle, therefore, the biological decomposition of metabolites may be 
uniformly described as consisting of a sequence of identical reactions. Hydrogen is 
transferred from one donator to the first acceptor, and from the latter to another and 
a third and a fourth acceptor, until in one case the hydrogen, still in organic linkage, 
comes to rest in a stable system, e.g. in the form of lactic acid or ethyl alcohol, presen- 
ting tho picture of pure Anoxybiosis; or else, until at one point molecular oxygen comes 
into play with the aid of an autoxidizablo system. In this case the hydrogen ends up 
as water after if has gone through the intermediary stage of hydrogen peroxide. This 
is the case of complete Oxybiosis, i.e. of complete combustion. 

Tho successive hydrogen transfer proceeds in a continuous fashion. The conception 
of catalysts themselves as nothing but interposed acceptors which receive hydrogen 
and hand it on to the next acceptor is important. Formerly we used to speak of decom- 
position products and of steps of decomposition; we considered the catalysts simply 
as promotors of such reactions. Today wo know that the catalysts represent acceptors 
in the same sense as the decomposition products, the only distinction being by defini- 
tion that the catalysts are not eliminated in tho course of the process but are con- 
stantly regenerated by the oxidation-reduction cycle. This suggests a novel possibility: 
at a certain position of the equilibrium, e.g. at a certain potential level, a decom- 
position product arising in the course of metabolism may temporarily function as a 
catalyst by virtue of its character as a reversible redox system, until the conditions 
of environment change and the substance becomes once more a metabolite undergoing 
further degradation. This persisting of a ‘‘metabolic catalyst” may be static or dynamic 
in nature; a certain amount of this substance may persist for a certain length of time 
or else it may be rapidly decomposed and an equivalent amount may arise anew in 
the decomposition process. We are dealing here with the class of non-enzymatic 
catalysts of the living coll. They are non-enzymatic because they are simple compounds 
without a colloidal bearer. However, there are transitions from non-enzymatic cata- 
lysts over doubtful intermediary forms to classical enzymes, e.g. the dehydrogenases 
or the respiratory ferment. Examples of non-enzymatic cell catalysts (see the review 
by Kisch 571)) are natural quinoid pigments like pyocyanine, clilororaphine, toxo- 
flavin, and also fumaric acid (Szbnt-Gyorgyi 1126)), ascorbic acid, or thiol com- 
pounds like glutathione. If it is shown that such a compound is only active in combina- 
tion with a colloidal bearer, the system becomes an enzyme by definition. Such inter- 
mediary forms are called “vit azy mes” and “hormozy ines” by Euler (details on 
p. 87). 
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Considering biological oxidation from the standpoint of energetics we find that 
the hydrogen in the course of its transfer follows a path prescribed by the thermody- 
namic potential: starting at a high reduction potential level it sinks to a low level, 
loosing constantly free energy and performing as much work as possible in accordance 
with the energy requirements of coll metabolism. The energy is liberated by the chain 
of coupled reactions which we call oxido-reduction processes. Dehydrogenation, i.e. 
separation of hydrogen from a donator, in the physiological temperature range is 
almost always an endothermal process. Only its coupling with hydrogenation yields 
an over-all reaction with liberation of energy *) (See Oppenheimer 902), p. 1287). 

As far as these individual reactions may be conceived as isothermal and reversible 
processes, their free energy changes may be expressed in terms of redox potentials. 
Considerable data have been obtained permitting a certain insight into the sequence 
of oxido-reductions, The process may begin at strongly negative potentials, i.e. with 
substances of high reducing pow or like products formed from sugars, Redox systems of 
suitable potential range are provided as catalysts. They hand over the hydrogon to 
redox systems of less negative potential. Gradually the normal potential of zero 
(at ph 7) is reached and passed, and the positive range is entered. 

In anoxybiontic metabolism, no high potential levels are attained. The transition 
to redox systems of strongly positive potential is usually preparatory to the partici- 
pation of molecular oxygen, i.e. to oxybiosis. Here the last intermediary systems ot 
positive potential range, especially the cytochromes and the respiratory ferment come 
into play. The latter, being an autoxidizable system, is capable of yielding the hydrogen 
to molecular oxygen, thereby terminating the chain. The last step liberates the large 
amount of free energy corresponding to the combustion of hydrogen to form water. 
This, in the last analysis, appears to bo the ultimate aim of cell metabolism. 

The uniform character of biological breakdown finds it counterpart in the uniform 
character of the enzymes promoting it, of the Oxidoreducases. Wieland, in 
placing emphasis on the detachment of hydrogen from a specific donator, calls them 
Dehydrases, lately occasionally also Hydrokinases. The classical term Oxidases 
would appear doomed to sink into oblivion, unless an attempt is made to fill the old 
name with a new and theoretically sound meaning. We have seen that those systems 
which promote the hydrogenation of molecular oxygen must be autoxidizable; in 
some cases, e.g. in that of the respiratory ferment of Warburg, they will react exclu- 
sively with molecular oxygen. Such enzymes as well as those which act by primary 
activation of oxygen via peroxide formation might perhaps properly be called oxidases. 
Such a course would involve the renaming of certain enzymes which formerly were 
designated as oxidases, e.g. succinic oxidase. It may, then, be advisable to differentiate 
between dehydrases (dehydrogenases) and oxidases as the two subgroups of the hy- 
drokinases, using their acceptor specificity as the criterion. 

While oxidoroductases of all kinds cover the main chain of events concerned with 
the hydrogen transfer and hydrogen fixation, other enzymes, too, form a part of the 
desmolytic mechanism. Firstly, an enzyme is required for the production of carbon 
dioxide from preformed molecules resulting from extensive dehydrogenation. In the 
case of the plant cell and of the microorganisms this is achieved with the help of 


*) At high temperatures the equilibrium is shifted. The same metal catalysts whicli hydro- 
genate at low temperatures act now as dehydrogenases and liberate hydrogen. Bacteria may likewise 
form free hydrogen. The enzymes responsible for this phenomenon have only recently been studied. 
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carboxylase, in the case of the animal cell the origin of carbon dioxide as an end- 
product of metabolism is still partly obscure. Furthermore, we find catalase 
in all respiring cells. It has been claimed that catalase has the task of destroying 
hydrogen peroxide which arises as an intermediate product of metabolism. This is 
purely hypothetical in view of the fact that no formation of hydrogen peroxide in the 
cells of higher organisms has as yet been demonstrated. In addition, some auxiliary 
systems are required in desmolysis. Certain products of dehydrogenation reactions 
which can no longer be attacked in a direct manner must be hydrated previous to further 
breakdown. The best known Hydratase is the strictly specific Fumarase which 
transforms furaaric acid into malic acid. Also in the case of intermediary formed al- 
dehydes hydratation represents a very important phase of desmolysis; the Cannizzaro 
reaction with aldehydes is a dismutation to alcohol and carboxylic acid. It is not quite 
clear as yet whether the enzymes concerned here, the mutases, are simple hydratases 
or whether they are also oxidoreducases which dehydrogenate one molecule of al- 
dehyde at the expense of another aldehyde molecule as the donator. There exist other 
enzymes for special functions: Aspartase which catalyses the equilibrium reaction 
Fumaric acid -f Ammonia ^ ± Aspartic acid, 
enzymes promoting the formation and the dissolution of carbon - carbon bonds. e.g. 
Carboligase and Aldolase (at first called Zymohexase) which catalyzes typical 
aldol formation from aldehydes up to a certain equilibrium point, especially the equili- 
brium between phosphorylated trioses and hexoses. Finally, there are some complex 
enzyme systems in bacteria which operate with molecular hydrogen (Hydrogenase, 
•etc.) and with free nitrogen (Nitrogenase), e.g. in the process of nitrogen fixation. 

Anoxybiosis and Oxybiosis, Fermentation and Respiration, are not two different 
processes but only two stages of one process. Which of these two stages exists in a 
cell depends on external factors (presence of oxygen) and internal factors (presence and 
activity of autoxidizable catalysts like the respiratory ferment). The phenomenon of 
the Pasteur-Meyerhof effect, i.e. the suppression of fermentation upon admitting 
oxygen to cells capable of respiration, is evidence of the existance of a coupling link 
between oxybiosis and anoxybiosis. This effect has been interpreted by Meyerhof 
as a measure of energetic economy: many more substrate molecules must be split in 
anaerobiosis than in aerobiosis to obtain the same amount of free energy. Upon ad- 
mittance of oxygen a part of the large amount of energy made available by the oxida- 
tion of a few split products is utilized for the resynthesis of the rest to the original sub- 
strate (carbohydrate). Recent work (ef. Burk 157b)) indicates that the oxygen tension 
rather than the respiration is the decisive factor in the suppression of fermentation 
under aerobic conditions. Furthermore, in most instances, the decrease in the formation 
of fermentative end products in air appears to be due to an actual diminution of 
fermentation rather than to an increased resynthesis. 

At least as far as the breakdown of carbohydrates is concerned, the uniformity in 
principle of the metabolism of all types of cells, whether animal, plant or microorganism, 
may be accepted as proved. 



B. Theories of Oxidoreduction. 

I. General. 

1) Historical: 

In order to understand the simplification which has boen achieved in the theory 
of oxidoreduction in recent years it will bo necessary to sketch briefly the fundamental 
conceptions which form tho basis of these developments. 

Wi bland has built his theory of catalytic dehydrogenation around the fact that the 
catalytic forces attack primarily the hydrogen of the substrate. It is rendered labile 
and thus enabled to follow the trend of the thermodynamic potential in such a manner 
that the hydrogenation of the accoptor yields more energy than is required for the 
dehydrogenation of the substrate (donator). It is assumed that during this process 
donator as well as acceptor are adsorbed on the surface of the catalyst. The mechanism 
is essentially tho same whether the reaction is brought about by unspecific or mildly 
specific catalysts of known constitution, e.g. metal surfaces, or by specific biological 
catalysts, i.e. enzymes. It is further assumed that the specificity of these catalysts, 
called dehydrases (hydrokinases) depends entirely on the structure of tho organic 
radical containing the hydrogen subject to labilization. Therefore the dehydrases 
are namod after the effective donator which may be for instance an aldehyde, succinic 
acid, hydroxy acids, or a purine base. No acceptor specificity is assumed. Any thermo- 
dynamically permissible acceptor, also oxygen, will do. Only a fow acceptors are 
excepted in the case of normal biological catalysts, e.g. peroxides with the inclusion 
of hydrogon peroxide and disulfides. This concept encompasses the ultimate oxidation 
of hydrogen to water with the intermediate formation of hydrogen peroxide. 

The validity of this scheme for the state of anoxy biosis has never been seriously 
questioned. The fight between the schools of Wieland and Warburg revolved around 
the question of the ultimate oxidation and of oxidation by oxygen in general. Originally, 
Warburg did not recognize an “ultimate” oxidation; the oxygen was thought to attack 
the substrate immediately in all types of biological oxidations. The primary pheno- 
menon was the “activation” of oxygen, occurring with the aid of iron. The iron content 
of the organic catalyst was taken as the only important feature. Molecular oxygen 
cannot attack organic compounds directly: always the ferrous iron of the catalyst 
is converted into a state of higher oxidation. The latter represents “oxygen in active 
form” which is capable of oxidizing the substrate. The proof for the decisivo importance 
of iron was seen in the specific inhibition of the reaction with molecular oxygen by 
hydrocyanic acid. Iron forms stable complexes with this inhibitor. [Certain instances 
of 11011-inhibition by HCN have already been observed by Warburg, for instance in 
the case of the respiration of the alga Ohlorella.] Warburg rejected Wieland’s idea 
of an oxidation of “activated” hydrogen by “non-activated” oxygen, and the acti- 
vation of hydrogen altogether. He admitted only the possibility of an unspecific 
„activation” of the entire substrate molecule by the surface forces of the catalyst. 
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However, if we look into this matter from a chemical point of view such a non-specific 
activation can hardly be anything else but the provision of “available” hydrogen; 
Warburg’s model reactions (e.g. the oxidation of cysteine on charcoal) are actually 
dehydrogenations. The mere fact that many catalytic oxidations with molecular 
oxygen are highly specific with respect to the substrate is sufficient proof that 
the primary stop in the catalysis occurs within the substrate molecule, i.e. at 
the hydrogen atoms of the substrate. The oxidation of succinic acid to fumaric 
aerd by molecular oxygen, as catalyzed by succinic dehydrogenase, is a suitable 
example. But even if the necessity for an “activation” or labilization of hydrogen for 
the case of oxidation by molecular oxygen is admitted, the original theory of Wieland 
is unable to explain this “ultimate” oxidation. The postulate of the free acceptor 
choice by “activated” hydrogen is untenable. The claim of Warburg that a new 
type of catalysis with the participation of iron intervenes at this stage was irrefutable. 
Wieland was unable to explain satisfactorily the effect of hydrocyanic acid. The same 
holds for the special rolo of the peroxidases. The interpretation by Wieland that they 
are probably phenol dehydrogenases which show an acceptor specificity for kydrogon 
peroxide punctures his postulate of free choice of acceptors. Finally, the well known 
fact that during fermentation in prosenco of air the “active” hydrogen of fermentation 
does not combine with oxygen but with the thermodynamically much weaker acceptor 
acetaldehyde refutes the claim that activated hydrogen may readily and under all 
conditions combine with molecular oxygen. 

Several years ago it was pointed out by Oppenheimer 902) that Wieland’s 
theory is deficient in this respect and that Warburg was justified in postulating a 
special mechanism for oxidation by molecular oxygen, namely catalysis via iron 
systems. Oppenheimer made an attempt to reconcile the two theories by assuming 
that both reactants, hydrogen as well as oxygen, must be “activated” in order to 
react with each other. The activation by iron according to Warburg was then con- 
sidered to be the most important form of oxygen activation. However, it was thought 
possible that any other form of “activated” oxygen would do, e.g. peroxides like 
hydrogen peroxide or organic peroxides as well as the quinoid “respiratory pigments” of 
Palladin. This view was soon afterwards accepted in principle by Hopkins 497) and 
by Rapkine and Wurmser963). 

Subsequent developments have changed this conception of the subject w r ith respect 
to details. The question as to how oxygen is activated is no longer to the point inasmuch 
as Warburg has provided a quite different interpretation. Furthermore, Wieland 
has given up his theory of the free choice of acceptor; instead he believes that the 
dehydrogenases are only able to transfer hydrogen to oxygen if they have a special 
affinity for oxygen as well as for hydrogen, i.e. if they act in a sort of ternary system. 
This development of fundamental importance will be dealt with in detail on p. 34. 

2) (General Theory of Catalysis by Oxido-Reduction. 

Before we undertake to draw' a picture of this type of catalysis it is appropriate 
to emphasize that there are tw r o essential reservations in the title. Firstly, it does 
not read “oxidative” catalysis but purposely “catalysis by oxido-reduction”. This 
means that no attempt is made to explain all of the phenomena in this field. The 
so-called peroxide catalysis, i.e. the “oxygen activation” in the more restricted and 
more or less historical sense of Engler-Bach-Manchot will deliberately be omitted 
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from this sketch. It will be discussed in detail on p. 118. Secondly, the theory is called 
"general”, because many important points are not yet elucidated though the leading 
workers have reached an agreement on certain fundamentals. 

The theory to be outlined here does not lay claim to absolute correctness. It is 
to be taken as a working hypothesis; it is subject to changes in accordance with 
evidence forthcoming in future work. 

The general theory begins with the movement of the hydrogen, it goes 
to a catalyst representing a reversible redox system; the catalyst, thereby being 
reduced, is the first hydrogen acceptor in the chain. It is in turn dehydrogenated by 
a thermodynamically stronger system. If the latter is to be molecular oxygen, the 
special condition must be satisfied that the reduced form of the catalyst must be 
autoxidizable. 

a) Dehydrogenation and Hydrogenation as Electron Shifts. 

Every oxidation is by necessity coupled with a reduction, every dehydrogenation 
with a hydrogenation. The fundamental reaction 

DHg + Acc — > D + AccH 2 

is independent of the kind of donator or acceptor; the acceptor may, of course, be 
molecular oxygen. The over-all process is nothing but a redistribution of the electrons 
within this system. For the purposes of the exposition of the general theory we shall 
retain, for the present, Wieland’s assumption of simultaneous transfer of two 
hydrogen atoms. The increasing importance of two-step reduction and oxidation, i.e. 
of transfer of unpaired electrons, will be discussed on p. 100. 

The reader need hardly be reminded that oxidation of a reactant is equivalent 
to loss of electrons, and reduction to gain of electrons. In the case of “simple” oxidations 
this statement covers all of the events. If we take the case of oxidation of ferrous to 
ferric iron 

Fe + + (C1 ~) 2 + y 2 Cl 2 —> Fe + + + (01~) 3 

the Fe + +-ion yields one electron to the neutral chlorine atom, is thereby oxidized 
to Fe + + +-ion and can now bind the freshly charged Cl-ion. However, if we are dealing 
with dehydrogenation processes the electron shift is accompanied by H+-ion shifts. 
Hydrogenation consists in transfer of entire hydrogen atoms, i.e. of H + + e. In case 
the H-atom is already bound in ionized form, the preformed ion together with the 
electron are simply transferred to the neutral atom to be hydrogenated, for example 

S-(H+) 2 -f I 2 -> 2 I-H+ + 8. 

Similarly, in polyphenols the hydrogen is bound in a dissociable manner so that it 
may easily be given off resulting in quinone formation (See below). Lately this case 
has acquired interest from the enzymatic standpoint with reference to the activation 
of molecular hydrogen: Stephenson and Stickland 18) have discovered an enzyme 
in bacteria, called Hydrogenase, capable of transferring molecular hydrogen to 
various acceptors. This enzyme is, then, a true red u case as contrasted to the oxido- 
reducases. It is responsible for the long known uptake of free hydrogen by micro- 
organisms and also for the utilization of nascent hydrogen produced by the action 
of other enzymes, the Hydrolyases. With respect to the mechanism of action of 
hydrogenase it may be mentioned that hydrogen peroxide which is formed by aerobic 
organisms (e.g. Acetobaeier peroxydam ) which are devoid of catalase may function 
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as acceptor of this hydrogen (Wieland 1321)); in anaerobiosis carbon dioxide may be 
the acceptor. B. coli act towards HD like platinum black insofar as they rearrange it 
in presence of water to H 2 + HDO (Cavanach et al. 165)). 

In ordinary dehydrogenation reactions with organic compounds the hydrogen 
atoms subject to transfer are bound not in ionized state but as atomic hydrogen. 
Here, the reaction must therefore begin with the labilization and subsequent ionization 
of the hydrogen, thus enabling the electrons to combine with the acceptor and charge 
it -negatively. This in turn, renders the acceptor capable of binding the H + -ions. 
This uptake may result in a polar nature of the hydrogen with respect to the 
rest of the molecule; or else the hydrogen may be bound in ionized form. The dehy- 
drogenation of succinic acid by a quinoid pigment, here symbolized as quinone 
itself, may serve as an example: 


CHg-COOH CHCOOH 
| j| 2 H ! h 2 e h 

CH 2 COOH CHCOOH 


O 

I 



l 

0 



H 


H + 


Of course, the hydrogen may also come to rest in a more stable type of bond, in 
truly main valency linkage. In that case the whole hydrogen atom, H + + e, is transfer- 
red as a unit. This occurs, for instance, if acetaldehyde is changed into ethyl alcohol 
by the uptake of 2 H from some kind of donator: 

DH 2 + CH 3 CHO->I) + CH 3 CHoOH. 

Finally, this is also true if molecular oxygen is the acceptor. In this case water is the 
little dissociating end product, hydrogen peroxide in which the hydrogen is linked in 
a strongly polar manner being the intermediate. The change from the neutral oxygen 
molecule to the charged ionized oxygen is the important feature, e.g. in the spon- 
taneous dehydrogenation of leuco dyes by air. The reduced form of the dyestuff may 
again be represented by hydroquinone: 
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2 H 1 + 2s f- ■ 0 2 -> H + --0— O-H » 


A second molecule of hydroquinone furnishes another 2 H + 2 s: 

H— O-O- H + H 2 ->2 H 2 0. 

This acquisition of a charge by the oxygen is always preceded by a close approach 
of the oxygen molecule to the substrate, whether we are dealing with a spontaneous 
process (autoxidation) or with a catalytic oxidation. In extreme cases this mutual 
contact may lead to peroxide formation involving chemical bonds to the oxygen 
molecule. Due to the intimate contact with the substrate the 0=0 molecule presu- 
mably suffers a deformation which lowers its energy of activation. The oxygen is there- 
by rendered more reactive. This first act might be called “activation of oxygen” 
if it occurs in a catalysis, i.e. at a surface. In this sense even Wieland 1301) has no 
objection to this term. Here wo have a primary step common to all theories: The 



10 


DEHYDROGENATION AND HYDROGENATION AS ELECTRON SHIFTS 


addition of — 0 — 0 — takes place in any event, whether the result be a hydrogenation 
with subsequent splitting off of hydrogen peroxide or whether an organic peroxide 
is formed (for details see p. 14). 

For these fundamental considerations the particular nature of the acceptor does 
not matter. All that is sequired is, 1) it should be capable of taking up hydrogen, 
2) the over-all roaction should yield free energy, 3) the acceptor should have affinity 
for the donator-catalyst system (p. 34). 

It has been known for a long time that besides the quinoid dyestuffs other sub- 
stances of various typos, e.g. nitrates or chlorates, may act as acceptors. Due to the 
recent attompts to discover the nature of the enzymes active in bacterial reduction 
processes this aspect has acquired renewed interest. It has been shown that the various 
thermodynamically possible acceptors are biologically differentiated in a strange manner. 
The animal cell is incapable of utilizing a number of acceptors which bacteria use with 
the greatest of ease. According to Burk 22) the fixation of molecular nitrogen is brought 
about by an enzyme system called Azotase; an enzymatic component, Nitrogenase, 
transfers active hydrogen to molecular nitrogen. The reduction of nitric oxido, NO, to 
nitrous oxide, N 2 0, by a biological system consisting of the yellow enzyme and hexo- 
sephosphate has been described by Meyerhof 799). Whether this is a true catalysis 
or some other mechanism is not yet clear, inasmuch as NO may be reduced readily 
without a catalyst, e.g. by leuco dyes; tho reduction by pyrogallol, however, requires 
the presence of palladium (122)). The reaction is strongly exothermal (A U = — 51,000 
cal.). The mechanism of the reduction of organic sulfur compounds to hydrogen sulfide 
by an enzyme found by Tarr 1139) is likewiso still obscure. In any event, it is a des- 
molytic process, probably a reductive scission of the carbon-sulfur linkage by activated 
hydrogen. An amino group in the substrate appears to bo necessary for the reaction.*) 
Similarly, hydrogenations of inorganic sulfur compounds have been observed, o.g. 
that of sulfate at the expense of ethyl alcohol which is dehydrogenated (Baars 49)). 
In the course of this process, as brought about by Vibrio desulfuricans and Vibrio 
Riibentschickii , hydrogen sulfide is formed. This and similar reactions have been 
discussed by Kluyver 577). The ethyl alcohol is quantitatively transformed into 
acetic acid. Analogous results have been obtained by Stickland 1101) and Tarr 1139). 
It is possible that the Rhodanese of Lang 695) belongs to this group. This enzyme 
is present in preparations obtained from animal tissues. It synthesizes rhodanide 
from hydrogen sulfide and hydrocyanic acid; the former originates from thiosulfate 
as the donator. 

The biological reduction of nitrato by bacteria is catalyzed by a carbon monoxide- 
sensitive iron system (Quastel 944)); the cyanide-inhibition of the enzyme is well- 
known. The enzyme has not yet been isolated. It is also of interest that C() 2 (or rather 
H 2 CQ 3 ) may be an acceptor in biochemical reactions. It is reduced by molecular hy- 
drogen to form methane with the aid of Hydrogenase (1070)).**) This reaction had 
previously been observed with living bacteria. Hydrogen sulfide is used by sulfur 
bacteria as donator for the photochemical reduction of C0 2 . In this respect it is impor- 
tant that Wassermann 1283) has observed a rapid decomposition of H^S by an 
iron system plus hydrogen peroxide. A rather complete biological oxidation system 
has been found by Barker 71): methane bacteria form methane from C0 2 at the 

*) The existence of an enzyme, called Cysteinase, which forms H 2 S from J-eysteine, has now 
been demonstrated in B. coli (Desnuelle and Fromageot, Enzymologia, 6, No. 1 (1939)). 

**) See, however, Oppenheimer’s “SUPPLEMENT”, p. 1699. 
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oxpense of alcohol which is dehydrogenated to acetic acid. The question is whether 
free hydrogen is formed as an intermediate. It is true that enzymatic formation of 
free hydrogen by hydrolyases has been observed, e.g. in the case of B. coli which 
dehydrogenate formic acid to C0 2 and H 2 (Stickland and Stephenson 1070)). 
Methane formation has been observed also in this instance, probably by reaction of 
the two reactants in statu nascendi. Otherwise, is released as such, without any 
acceptor; this is probably duo to tho negative potential of the coli bacteria. The 
hydro lyasos are not identical, one enzyme of that group forms hydrogen from glucose; 
the hydrolyaso, specific for formic acid, is different from formic acid dehydrogenase 
which will not act without an acceptor. The hydrolyase action is reversible (Woods 1344)). 

Electron Formulas: An attempt has been made recently, especially by E. 
Muller 843), to represent the activation of hydrogen, i.e. the labilization of the 
electron, more in detail on the basis of the octett theory. His formulas are based on 
the assumption that the substrate exist not only in its normal or stable configuration 
(A) but also in an electron isomer form (B) in which the hydrogen atoms later subject 
to dehydrogenation are already present in labile form. Labile is used in the sense that 
they are linked only through one electron so that they are already polar and almost 
“ionized”. This conception of labile hydrogen is a quite familiar one nowadays; hy- 
drogen peroxide is an example (see p. 22). 

This question has been treated in detail by Franke (cf. 288)). One of the formulas 
discussed by him, relating to the dehydrogenation of alcohol, follows: 

II H H II H H 

•• - H.- 

H : (1 : C : 0: ^ H : C : 0 \ 0 : + Ace -> H : C : C 1 : : O + Ace 

.... .. H* • 

H H H H HH II 

A B 

For another formulation, based on the number of oxidation steps, see Jirgensons 503). 
b) Energetics and Bedox Potentials. 

The coupling of oxidation-reduction reactions is required from the standpoint 
of energetics: the over-all reaction dehydrogenation-hydrogenation, like all other 
chemical reactions, is a spontaneous process if it yields free energy. But in all cases 
which are of interest here, the dehydrogenation, i.e. the ionization and detachment of 
hydrogen, is not spontaneous but requires the input of free energy *). The process is 
possible under biological conditions only because the hydrogenation, i.e. the acquisi- 
tion of a negative charge by the acceptors and the attachment of hydrogen atoms, 
yields more free energy than is consumed by the dehydrogenation. Thus the reaction 
may serve the energy production by the living coll, by utilizing the free energy of 
hydrogen in a gradual manner. Of course, if the ultimate oxidation of hydrogen is 

*) An exception is tho dehydrogenation of aldehyde hydrates to carboxylic acids which 
proceeds spontaneously as Wieland demonstrated in 1912. The (hypothetical) hydrate of acetalde- 
hyde decomposes spontaneously without an acceptor when brought in contact with palladium. 
Tho claim of Wieland that hydroquinone is also dehydrogenated to quinone by palladium black 
has recently been refuted by Gillespie and Lin 403) both on thermodynamical and on experimental 
grounds. The reduction of C0 2 by hydrogenase systems which we have mentioned above is an apparent 
exception. But this reaction does not occur with the intermediary formation of aldehydes and it is 
exothermal owing to the accompanying formation of water. The alleged reduction of butyric acid to 
butyl alcohol during fermentation should likewise be a coupled reaction. 
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effected by molecular oxygen, the entire energy of the combustion of hydrogen to 
water is released at once. 

This is the content of the postulate of Wieland’s theory (see p. 108) according 
to which the hydrogen can only combine with a “thermodynamically permissible” 
acceptor, it implies the statement that the over-all reaction cannot occur spontaneous- 
ly and cannot , therefore, he catalyzed, if this basic postulate is not fulfilled. A ther- 
modynamically “weaker” acceptor can never bring about the dehydrogenation of a 
“stronger” donator. Yesterberg 1198) has calculated for some dehydrogenation 
processes which acceptors are thermodynamically admissible. Oppeniieimer 902), 
following Wieland, had tabulated previously the possible and the impossible coupled 
reactions on the basis of the well known caloric values. Today it is possible, in many 
instances, to perform the calculations using the free energy values which lead to a 
more correct picture. If the coupling between dehydrogenation and hydrogenation is 
fully reversible and if true equilibria art? attained, the electron shifts or rather the 
tendency of the electrons to shift may he directly measured in terms of the redox 
potentials. From the potential values the position of the equilibria and from the latter 
the affinity, i.e. the free energy of the reaction (see p. 50) may be calculated. Another 
method for the calculation of free energy values has been made available by the deter- 
mination of the entropy of formation of the compounds. Thereby a much more secure 
basis for such considerations is provided than was formerly available by the caloric 
values. If the potentials or the entropies are known it is possible to foretell exactly 
the manner in which different redox systems may react with each other, in other 
words, to predict which dehydrogenation-hydrogenation processes are possible. 
Whether they will actually occur is no longer a question of thermodynamics but of 
reaction kinetics. 

If we look at the process in the direction of the dehydrogenation of an isolated 
system which is at equilibrium, dehydrogenation can take place only if the oxidized 
form of another redox system which is added has a stronger affinity for hydrogen than 
the first system. In terms of potentials this would mean that the added system, in 
order to function as acceptor of hydrogen, must have a higher (less negative or more 
positive) potential than the system to be dehydrogenated. In that case the first reaction 
step 1)H 2 + Acc —> 1) + AccH 2 will take place, provided there exist no kinetic 
hinderances. The extent to which this reaction will proceed and where equilibrium will 
be reestablished depends, under otherwise identical conditions, on the difference be- 
tween the affinities of the two systems as expressed by the difference in redox poten- 
tial. Complete dehydrogenation can occur only if the difference between the potential 
values reaches a certain value, in other words, if the maximum of work is performed 
when the equilibrium of the reaction just given is completely shifted to the right. This 
will he illustrated by numerical examples on p. 50. If, as is frequently the case in 
biochemical reactions, the potential difference is small, the dehydrogenation reaction 
does not go to completion. Equilibria, result which may he abolished in various ways. 
Either the dehydrogenated form of the original donator is freshly reduced by another 
donator or the reduced form of the original acceptor becomes a donator for a stronger 
acceptor. In either case the equilibrium is disturbed and the dehydrogenation progresses. 
If we consider the reversible redox system succinic acid-lumaric acid as an example, 

CHoCOOH CH’COOH 

| ^ i| + H 2 

CH,COOH OH-COOH 
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it is perfectly stable if considered as an isolated system. A given mixture of the two 
components remains unchanged. Suppose p molecules of succinic acid yield 2 H each 
to p molecules of fumaric acid. On the other hand this would give rise to p molecules 
of freshly formed succinic acid, but at the same time p molecules of fumaric acid would 
be formed by the dehydrogenation of the succinic acid molecules. The system is there- 
fore in dynamic equilibrium. But if a quinoid dye system of similar potential, like 
methylene blue, is added to this equilibrium mixture, new equilibria are established as 
follows: If we start with succinic acid (S) and methylene blue (MB) only, and if we 
designate fumaric acid as F and leuco methylene blue as LMB, the reaction in the system 
S + MB F + LMB will of course proceed only from the left to the right. The 
more fumaric acid and leuco methylene blue are formed the stronger the tendency 
becomes for hydrogenation of fumaric acid by the leuco dye, i.e. for the back reaction. 
At a certain numerical ratio the reaction reaches dynamic equilibrium between the 
four molecular species. The position of the equilibrium is thermodynamically fixed 
by the value of the maximum work; it can be determined by measuring the redox 
potential of the equilibrium mixture of the four components. If the electrode equations 
and the normal potentials of both systems are known, the measured value at the 
equilibrium point permits one to calculate the concentrations of all four reactants and 
the ratios of oxidized to reduced form in both systems. If a new acceptor in the shape 
of a system of more positive potential is added to the equilibrium mixture the process 
will again go on. The acceptor dehydrogenates the leuco methylene blue to methylene 
blue which, in turn, will be able to dehydrogenate more succinic acid. In this way the 
reaction may proceed via different redox systems. The potential will rise gradually 
until eventually the systems with very high potentials, 0 2 or H 2 0 2 , come into play 
and the hydrogen transfer is completed by a practically irreversible reaction entailing 
the loss of the last free energy content of the hydrogen. 

c) Catalysis. 

So far we have dealt with the thermodynamical aspects of dehydrogenation. It 
is a different question whether such a reaction will take place at all and at what 
time. This question relates to the “ friction' ’ in the reacting system and to its dimi- 
nution by the “lubricants” represented by catalysts. Of course, there are reactions 
with a very small internal friction so that they can proceed without being catalysed. 
By catalysis we refer here, in agreement with Mittasch, exclusively to true increase 
in the rate of reaction and to control of the direction of a reaction by chemical sub- 
stances and not to the effects of heat , radiation, ionization, and so on. 

Amino acids, for instance, are delr^drogenated by quinone without a catalyst, 
just as by alloxan at the boiling point (Strecker's reaction). There are also simple 
systems which react with molecular oxygen without the mediation of catalysts and 
which are, therefore?, truly autoxidizable. The leuco forms of methylene blue and of 
similar dyes appear to be such compounds. According to Macrae 742) they are aut- 
oxidizable in weakly alkaline solutions (ph — 8). However, Reid 971, 972) finds that 
the procoss occurs only on surfaces, particularly on protein surfaces (at ph 7.5), and 
that narcotica inhibit the oxidation. At acid reaction, the reoxidation of leuco dyes 
is a cyanide resistant copper catalysis (Harrison 453)), Macrae 742)). Hydroquinone 
and diliydro xymaleinic acid are said to be autoxidizable (Wieland and Franke, 
see p. 31). According to Hill 484) dialuric acid is autoxidizable at neutral reaction, 
whereas at acid reaction iron functions as a catalyst (Strecker’s reaction, p. 107). 
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The existence of systems which will react directly with molecular oxygen is the 
prerequisite of every catalytic end oxidation. In many instances it is the catalyst 
itself which is autoxidizable in the reduced form. The most important case of this 
kind is undoubtedly the autoxidation of complex salts of ferrous iron, e.g. that of 
ferrous cysteine or of heme derivatives. With the exception of the latter, autoxidizable 
substances in living matter have little to do with the important reactions. In almost 
all biologically significant cases neither dehydrogenations by an acceptor nor reactions 
with molecular oxygen occur without suitable catalysts. 

It may be well to point out at this time that the typical model reaction consisting 
of dehydrogenation of succinic acid by methylene blue or other quinoid dyes does not 
take place at an appreciable rate unless tissue extracts, containing succinic dehydro- 
genase, are added. The catalysts participating in hydrogen transfer during anaorobic 
metabolism may bo enzymatic or non-enzymatic in nature. The quinone of adrenaline, 
called tho “Omega Substance” by Kisch, is an example of the latter. 

The general basis of our discussion is that, according to the views of Wielano, 
the first step in biological oxidation is the activation of tho hydrogen. At the 
same time, the surface forces of the catalyst activate the acceptor. In case the accep- 
tor is molecular oxygen, this means an activation of oxygen. We repeat that 
by “activation” we designate the process whereby the reactants are acted upon by 
the field of surface forces of the catalyst resulting in a deformation of both the donator 
and the acceptor molecules; both are thereby made more reactive. This will be discussed 
in detail on p. 14 with respect to the molecular oxygen and on p. 27 with regard to 
hydrogen. 

There exist no qualitative but only quantitative differences between the dehy- 
drogenases and the oxidases. The main difference is not one of catalytic mechanism 
but of thermodynamics. The enzymes which, by historic custom, are called oxidases, 
dehydrogenate substances of so high a potential that, practically speaking, only mole- 
cular oxygen or hydrogen peroxide, besides some quinones, may act as acceptors. 
In the case of some oxidases, e.g. of glucose oxidase, the situation is still obscure; 
perhaps, certain accoptor specificities play a role in addition to the potential range. 
Both groups of biocatalysts are sub-classes of the Hydrokinasos (Wieland). 
Tho oxidases may be further divided into “true” oxidases, containing heavy metal, 
and the cyanide resistant oxidases which occupy an intermediate position between 
the true oxidases and the dehydrogenases. (See p. 127). 

The general theory of dehydrogenation catalysis including the reaction with 
molecular oxygen, as outlined above, combines the “antithesis” of Warburg and of 
Wieland. 

Oxidation by Oxygen, Activation of Oxygen: 

If we speak of “activation” of oxygen we imply that the ordinary, free oxygen is 
inert when brought in contact with many substances which are readily oxidized by 
oxygen in another form. In compounds containing “active” oxygen this element is 
not bound as the molecule 0 = 0 but in main valency linkage, as in permanganate, 
nitric acid, and peroxides of various kinds, e.g. hydrogen peroxide. It is evident that 
before molecular oxygen will react it must first be converted into a form corres- 
ponding to that existing in compounds with “active” oxygen. The primary step in 
any “autoxidation”, i.e. in any reaction with molecular oxygen, is a loose combination 
of the substrate (or catalyst) with the oxygen; it may be an adsorption complex or a re- 
sidual valency compound. 
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Quastel 943), in agreoment, with the modern conception of the catalytic activity 
of surfaces *), assumes that the substrate is bound by the “active centers” in the 
catalyst surface whore the deformation of the 0 = 0 molecule is achieved by strong 
polar forces. Tho oxcess enorgy of the active centers is transferred to the oxygen mole- 
cule as energy of activation (Roman 997)) which is required for the subsequent reaction. 
The valency forces are hereby shifted, as can also be calculated with tho aid of quan- 
tum mechanics. The molecule is somehow “unfolded”. It is assumed that it is combining 
loosely with the substrate in the form —O—O—, forming an adduct (addition com- 
pound). This activation does, therefore, not primarily concern tho free oxygen mole- 
cule but is inseparably connected with the binding of the molecule by chemical 
forces **). 

This is true for every reaction involving molecular oxygen, whether the other 
reactant is an organic compound or a simple metal salt or a metal complex. It is valid 
even in the case of the simplest reactions in the gas phase, e.g. botween sodium vapor 
and oxygon, as has been proven in a strictly kinetic manner by Haber 435). He could 
show that provious to the reaction one atom of sodium combines with one oxygen 
molecule. The same holds for non-catalysed dehydrogenation reactions like the yielding 
of two hydrogen atoms to oxygen by leuco methylene blue, also for the oxidation of 
ferrous to ferric iron. This primary reaction in catalytic processes is important if the 
reaction is concerned with a reversible redox system and if the latter acts as an oxida- 
tion-reduction catalyst by virtue of the fact that its oxidation or dehydrogenation is 
fully reversible. 

Following this primary step the process may proceed in two different ways. The 
loosely bound “unfolded” — 0 — 0 — molecule may accopt two electrons and theroby 
be transformed into tho oxygen ion 0 2 “. Simultaneously, 2 H+-ions combine with 
this ion to form H — 0 — -0 — H which is removed from the surface of the substrate ***). 
This is the general scheme of typical dehydrogenation. The other possibility is that the 

/° 

first adduct is changing into a better defined peroxido, in the case of iron Fc \ . 

It is difficult to draw a line betweon an adduct and a peroxide. Both may react in the 
same manner. The second possibility, therefore, is only important if the peroxide for- 
mation cannot be followed by the splitting off of hydrogen peroxide. The mechanism 
of catalysis may then be a quite different one. 

The first mentioned scheme is tho normal one for most of the biological catalyses 
with which we are here concerned. It holds for purely organic and for metallo-orgauie 
(heavy metal) systems. The only difference is that in tho case of the puroly organic 
redox systems the hydrogen comes directly from the molecule of the substrate, whereas 


*) For fundamental considerations concerning these questions see Fkankenburuer 357), 
Schwab 1039), Pietsch et al. 927). 

**) There exists also a true, primary activation of oxygon by light, in presence of fluorescing 
dyos. In this photosensitized oxidation the oxygen moleoule stores additional energy and acquires 
an activated state which may lead to the formation of free atoms. This mechanism, however, does not 
seem to be of importance in normal biological oxidative catalysis. 

** *) In the reaction between atomio hydrogen and molecular oxygen hydrogen peroxide is formed 
too (see Franks 288), pp. 118, 159). Hero H,0 a is the product of chain reactions (H + 0.— >HO.; 
HO, + H,-> H,0, + H) (Bates 88)). 1 
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in heavy metal catalysis it is derived only indirectly from the substrate and diroctly 
from the water which is formed in the reaction itself (or from HC1, etc.); and that, 
owing to this hydrogen shift, the valency of the metal is changed. It will be shown later 
that the hydrogen ions are indeed originating, in the last analysis, from the substrate. 

If oxygen is the acceptor and leuco methylene blue the donator, the simple equation 
holds: 

2 H 1 + 2 e 

1) 1)H 2 + O a > 1) + H— 0— O—H 

In the other case, if the ferrous iron, bound either in a salt linkage or in complex 
linkage, is symbolized as >Fe ++ , we have the equation: 

2 H+ + 2 e 

2) 2 >Fe 1 f + 2 HjjO + 0 2 >-2 >Fe + 4 +OH- + H- O— 0— H. 

Hydrogon peroxide, however, cannot he demonstrated to be one of the product 
moleculos becauso it is further decomposed catalytically to water and oxygen (p. 22). 

The catalysis proceeds due to the fact that D takes up fresh hydrogen from 
another donator, 1) thereby becoming an acceptor. In heavy metal catalysis, >Fe +++ 
also attracts hydrogen atoms, deprives them of their electron and is thereby reduced 
to >Fo++; the anion OH - reacts with the proton (H+) to form wator (p. 19). The 
bulk of biological oxidation is a catalysis by heavy metal, notably by the hemin system 
of Warburg. To a smaller extent metal-free, purely organic systems may be respon- 
sible for oxidative catalysis, e.g. the flavin system (see p. 108). The “mothyleno blue 
respiration” is the model reaction for such pure ‘‘acceptor respirations”. 

It is possible that some borderline cases may eventually be shown to be dehydro- 
genation reactions, e.g. tho oxidation of carbon monoxide to carbon dioxide in aqueous 
solution with palladium as the catalyst. In this case an oxidation by oxygen formed 
by water decomposition might be assumed (W. Traube 1186)). However, Wieeand 
1310) takes the point of view that in the course of this heterogenous catalysis formic- 
acid is first formed by simple hydration and that this acid is dehydrogenated in the 
usual fashion by 0 2 : CO -(- il 2 0 = H-COOH; H C00H + 0 2 = C0 2 + HOOH. 
Hydrogen peroxide has been dotected both in the CO- and in the H 2 -flame by Dixon in 
1882. (For further reference to the discussion of this process by Wielano and \V . 
Traube see Franke (l.c. 288) p. 160)). 

The conception that in every case of interaction with molecular oxygen the 0 2 
molecule must first be bound and deformod or activated, has been of great value 
for the unification of the theory. This may be demonstrated with respect to three points. 

First, this conception has lead to the important modification of Wieland’s 
theory, namely, to its supplementation by the postulate of acceptor spocificity, 
notably by Bertho (p. 34) but also by Wieland himself. The acceptor specificity 
explains the different behaviour of donator-catalyst systems towards molecular oxygen. 
If the 0 2 molecule cannot be bound, the systom is not autoxidizable and no reaction 
takes place. It is useful in interpreting the problem of peroxidase specificity. Here, 
not oxygen but hydrogen peroxide is the acceptor. The peroxidases act as phenol 
dehydrogenases only because of their ability to bind specifically the acceptor H 2 0 2 . 
How far there exists an absolute specificity for 0 2 , even if other acceptors are ther- 
modynamically permissible, and whether this specificity is the reason for the behaviour 
of the “oxidases” cannot definitely be decidod as yet. It is also possible that such 
acceptor specificities play a more important role in purely anaerobic acceptor catalyses 
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than has so far been suspected. They may explain why certain catalyses fail to occur 
which are thermodynamically possible (see p. 84). 

Second, this concept is the key to the fundamental change which Warburg has 
made in his theory and which concorns the valency change of the iron. Previously 
he reckoned with some sort of peroxide formation at the iron. The peroxide was 
supposed to transmit atomic oxygen to the previously "activated” substrate in agree- 
ment with the views of Engler and Bach. Today, Warburg assumes that primarily 
a short-lived adduct is formed between the ferrous iron of the heme of the respiratory 
enzyme and the molecular oxygen. The modol for this adduct is oxyhemoglobin which 
is readily dissociable and which yields its oxygen in non-activated form. The oxy- 
genation product of the hemin enzyme is unstablo and rearranges itself to form the 
true oxidized form of the enzyme with ferric iron. The change from ferrous to ferric 
iron involves, of courso, the loss of an electron which is taken up by the oxygen. The 
model for the ferric form of the respiratory enzyme is methomoglobin. Just as heino- 
globin-methemoglobin is a redox system (Conant 179)), so is the system formed by 
the forrous and the ferric form of the enzyme. 

Peroxide Formation: Thirdly, this concept helps to explain the fact that aside from the 
dehydrogenation catalysis there exists still another form of oxidative catalysis where 
the older theory of Engler-Baoh retains its value. Oxygen is capable of combining 
with metals without valency change to form poroxidos, and also with organic bio- 
logical systems where thore is no primary dehydrogenation. We think of the mere 
addition of oxygen to valency gaps, e.g. to — 0 = C — double bonds, to form 
— (! — C — . 

I I 

O—O 

In discussing such organic peroxides two questions suggest themselves. The 
questions 1) as to how such peroxides are formed and 2) whether they are catalyti- 
cally active; in other words, do they represent reversible systems of the type 
X -f- 0 2 3± X- 0 2 which can transfer peroxidic, i.e. activated, oxygen? The second 
question has lost much of its importance. Most of the substances which formerly 
were looked upon as organic peroxides with catalytic activity have later been shown 
to he quinoid redox systems. There remains a cortain possibility, however, that the 
catalytic oxidation of unsaturated fatty acids proceeds via such peroxides. According 
to Frank e 364), carotenoids are active as catalysts in such reactions, perhaps through 
intermediary peroxide formation. This and the role which defined peroxides play not 
as catalysts but as intermediaries in dehydrogenation, e.g. in the case of aldehydes, 
will ho discussed below (p. 118). 

The formation of those organic peroxides is of considerable interest. A variety of 
them arc known. They arise partly through simple autoxidation, e.g. from aldehydes, 
partly through heavy metal catalysis. It has already been mentioned that a loose 
adduct of molecular oxygen to a substrate may undergo molecular rearrangement 
resulting in peroxide formation. The pronounced polarity of peroxides, of hydrogen 
peroxide for instance, indicates that they represent not quite saturated main valency 
compounds. Peroxide configuration will result instead of mere adduct formation if 
there are no ll + -ions available for the splitting off of i.e. if true dehydrogenation 

is not (or at least not instantly) possible. The scheme for organic peroxido formation 
may be illustrated for the example of aldehyde autoxidation in a non-aqueous medium: 

Oppenheimer-Stern, Biological Oxidation. 2 
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In this case we cannot speak of a hydrogon activation; the residual affinity of the 
double bond (or "activation of the carbonyl” in Wieland’s terminology) suffices to 
"unfold” the oxygen molecule and to bind it. With benzaldehyde this takes place 
even in aqueous solution. It is noteworthy that such reactions, according to Wieland, 
are encountered as intermediates in true dehydrogenation. By reacting with a second 
aldehyde molecule the peracid yields the carboxylic acid: 


R-C = 0 H 

l + ,/ c ' R 

0— OH QT 


> 2 RCOOH. 


This is the same result as if the aldehyde were dehydrogenated in the usual manner 
via the aldehyde hydrate. 

Wieland 1316 ) points out that such peroxides or adducts are also intermediates 
in quinono formation; their formula may be written as follows: 



OH 


or 


0—0— OH 



OH 


Adduct 


Perox ide 


Therefore theso questions may bo discussed from the point of view of Wieland’s 
dehydrogenation theory unless the peroxides become subject to a new typo of purely 
oxidative catalysis (p. 118). 

The catalysis of the formation of peroxides by heavy metals involves a problem 
of fundamental importance. Since the substrate is not dehydrogenated by the heavy 
metal system, the simple concept, of valency change, namely, dehydrogenatiou by 
Fe + + +, and reoxidation of the Fe + + thus produced to Fe + + +, cannot be applied. 
This refers us back to the older views of FjNGler-Bacii-Manchot who assume peroxide 
formation with the iron. The next question is, whether theso metal peroxides may 
act as catalysts and in which manner. This causes one to enquire as to what extent 
the hypothesis of dehydrogenation catalysis by valency change is valid and whether 
it is permissible to encompass the peroxidatic and catalatic catalysis by iron from the 
point of view of valency change. (Discussion of the fundamentals on p. 19 and following). 

Special Hypotheses on Oxygen Activation. 

In this section some theoretical considerations, concerning the primary process of 
deformation and addition of the oxygen molecule, are briefly discussed. This process is 
interpreted with the aid of electron models, on the basis of the octett theory. 
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Haikow 955) goes back to the old concept of “ozone” like substances (Schonbein) 
by assuming that the first product of oxidation in aqueous solution is an adduct of 
HjjO to the residual valencies of the 0=0 molecule. This “ozone hydride” (I) rearranges 
itself into the desmotropic “pseudo ozone hydride” (II). Tn the latter the 0* is already 
“activated”; it oxidizes the substrate while the preformed H 2 0 2 is split off: 

H 

I. O = 0 : : O ’ ^ II. >0* : : 0— II 

* H 1 

• i 

0— H 

The unfolding of the oxygen molecule is thought to occur in this case without 
a substrate, the charge being supplied by electrons derived from water molecules. In 
contrast to this view Milas 833) thinks that tho electrons originate from the substrate. 
This is a more plausible assumption. A novel featuro of his theory is his interpretation 
of true peroxide formation without instantaneous release of H 2 0 2 : the two substrate 
electrons are entirely transferred to the oxygen and share the orbits of its other elec- 
trons. In organic substrates the two electrons are exposed in a special manner (“molo- 
eular valency electrons”). This concept is nothing but an expression, in other words, 
of the “activation of hydrogon” where two hydrogen atoms are “activated” to 2 H + 
+ 2 e. These are said to be unpaired electrons with parallel spin. This hypothesis has 
been attacked by Stephens 10G7). 

Zelinsky 1380) formulates the process which we designate as peroxide formation 
via addition to — C = C — linkages with the aid of the octett theory. He makes use 
of tho desmotropic biradical formula of the ethylene linkage and of a special represen- 
tation of the activated oxygen molecule, containing a single bond and therefore two 
“lone” electrons (I), according to scheme II. 

H H H H 


I. : 0 : 0 : II. R : C : 0 : R + : 0 : 0 : = R : C : C : H. 

: 0 : 0 : 

It appears strange that according to this picture the oxygen should be present in 
the peroxide as complete octett, i.o. very firmly bound. 

On the whole, these attempts do not contribute very much to the understanding 
of the phenomena. At any rate, we cannot detect any special “activity” of tho oxygen 
beyond that of deformation, unfolding, and charging. According to Stephens w T e are 
dealing here with special oscillation states and with the formation of a peroxide in 
statu nascendi. The latter has a higher energy level compared with the ready stabi- 
lized one so that it becomes more reactive. Here, too, it is difficult to draw a line 
between the energy rich “adduct” and the normal “peroxide”. 

Heavy Metal Catalysis. 

In treating the oxidative catalysis with oxygen it is necessary to begin with the 
primary stage of the process. Suppose that a lower valency form, e.g. ferrous iron, is 
the oxidation catalyst. As usual the primary step will consist in the addition of 0=0 
and in its activation, following this, oitlier II 2 0 2 is split off taking with it electrons 
from the iron and leaving the catalyst in the trivalent ferric form (valency change), or 
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a peroxide is formed. The latter contains more oxygen than calculated for ferric iron 
but does not represent a form with higher valency number. The peroxide still contains 
ferrous iron; it may be written, for instance, as iron salt of hydrogen peroxide: 

/ 0 
Fe<( | . 

x 0 

If we take the simplest formula Fe0 2 , the catalysis may proceed as follows. 
One atom of oxygen ("active oxygen") is given off in accordance with the old 
scheme of Engler: 

A0 2 -f- B — — >■ AO -f BO (where A the catalyst and B the substrate) 

The result is that not only is the substrate (B) oxidized but that also the catalyst 
(A) is oxidized. Eor ferrous iron as the catalyst this means that one electron is lost and 
that ferric iron results. However, this is not a true catalysis but a coupled reaction. The 
reaction comes to a stand still after the inductor, A, is used up. Ferric iron as such does 
not act catalytically. 

In order to establish a true catalytic mechanism we would have to postulate that 
in this case the whole oxygen molecule, probably in the form — 0 — 0 — , is to be split 
off. This has been discussed by Oppenheimer 902) as applied to platinum catalysis. 
Following this a scission of — 0 — 0 — into single 0 atoms and a direct oxidation of 
two acceptor molecules may take place. Theoretically one can also imagine that the 
unfolded — 0 — 0 — molecule forms an adduct with the organic acceptor. Thereby 
the primary process at the ferrous iron is reversed. Such a cycle would mean that the 
catalyst permits the autoxidation of inert molecules by transmitting to them activated 
oxygen molecules. In that case it would be of secundary importance whether this 
adduct leads to dehydrogenation by the transfer of H + + e to — 0 — 0 — (example: 
hydroquinone) or whether it leads to genuine peroxide formation at organic valency 
gaps if no hydrogen atoms are available. The possibility that the peroxide yields all 
of its oxygen to an acceptor has recently been discussed by Manchot (p. 128). 

In reality it appears certain that this modus of detachment of — 0 — 0 — and of 
its transfer to the substrate either does not take place at all in heavy metal catalysis 
with biological substrates or else only in cases where a dehydrogenation is not possible 
(see for instance the case of direct addition of — 0 — O — to the C -- C double bond, 
p. 14). Later it will be shown that even the last mentioned example is not yet firmly 
established. Franke, for instanco, does not beliovo that iron participates as catalyst 
in the formation of peroxidos from unsaturated fatty acids (p. 128). 

When an organic substrate is dehydrogenated in such a way that H + ions are 
released, in addition to the electrons, the other mode of heavy metal catalysis is the 
preferred one and probably the only one. By this other mechanism — 0 — 0 — is not 
detached unchanged and the organic substrato is not dehydrogenated through the 
primary adduct, but a valency change of the iron takes place. It is the ferric iron 
which oxidizes the substrate or rather dehydrogenates it. The hydrogen split off of 
the substrate dissociates into the hydrogen ion and the electron. The former gives 
rise to water (or HC1) formation while the latter is taken up by the ferric iron. The 
ferric iron is thereby roducod to ferrous iron and adduct formation with molecular 
oxygen may again take place. If there are H + ions available (from water or HC1 
molecules) the combination of H + with — 0 — 0— takos place much more rapidly than 
a possible detachment of — 0 — 0 — ; Fe + + loses an electron and once more becomes 
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Fo + + +. The cycle leading to restoration of the catalyst (ferric iron) is thereby completed. 
This concept embodies the new idea that, contrary to the inorganic ferric ion, Fe + + + 
may also be a catalyst in complex linkage, i.e. that it promotes dehydrogenation. 
This property of complex ferric compounds may be further increased and differentiated 
by providing a suitable colloidal bearer. The homin enzyme of Warburg is such a 
complex. Warburg has demonstrated in this case the valency change spectrosco- 
pically. 

According to this view heavy metal catalysis is due to a cyclic process 
involving loss and return of electrons. It is important that the catalyst acts 
while in complex linkage. Two possibilities present themselves. Firstly the metal original- 
ly is added to the system as a free salt. In that case it must be present in the lower valency 
form and combine with the substrate to form a complex; higher valency forms do not 
form complexes subject, to dehydrogenation. In this complex Fe + + is first oxidized 
to Fe + + + by 0 2 , then reduced by the hydrogen of the substrate, thus regenerating the 
catalyst, Fe+ + . 

Secondly there exists already a complex containing the metal of higher valency form 
(Fe + + + ). The complex, acting as catalyst, attracts the substrate, labiiizes its hydrogen 
and is, in turn, reduced to Fe ++ . Then only 0 2 enters into play and reoxidizes the 
complex back to tho ferric stage. The catalyst, Fe + + + , is now restored and ready for 
new action. 

If we consider the action of simple ionized salts first, the process begins with a 
complex formation between the substrate and the salt, e.g. between cysteine and Fe + + 
salt. By combination with the strongly charged motal ion the stability of all linkages 
in its vicinity is profoundly altered; it will attract oxygen contained in hydroxyl 
groups and repulse hydrogen, therefore “labilize” it. Complex formation will take 
place only with the metal in the lower valency form (Cu+ orFe >- + ). This step is autoxi- 
dizable. After the entrance of 0 2 tho hydrogen contained in the organic residue 
shifts over to the oxygen. The catalyst acts, therefore, as a dehydrogenase. Catalyses 
of this type certainly have some biological significance. Thiols or ascorbic acid may be 
oxidized in this manner in living cells. Undoubtedly, some reactions heretofore ascribed 
to "oxidases” will find their explanation in such mechanisms. 

Biologically of greater importance, however, is the other mechanism whore the 
catalyst exists already as an organic heavy metal complex, as for instance in hemin 
catalysts of the cell. These are active only in colloidal state, namely, in combination 
with bearer proteins. Such complexes are, by definition, to be classified as enzymes. 
In these cases the hydrogen of the substrate is not labilized by transfer of the whole 
organic molecule into a complex with the heavy metal, but the polar forces of the ma- 
cromolocular catalyst affect the donator by means of residual valency linkage and 
labilize its hydrogen (Wieland). 

Here, the catalyst starts its activity in the oxidized state (Fe+ + +). It dehydrogena- 
tes the substrate in such a manner that the field of force of the heavy metal renders one 
hydrogen atom labile. A hydrogen ion is split off while the electron goes to the metal 
and reduces it to the next lower valency stage. As a consequence the metal is forced 
to release one anion (OH - or Cl - ) which combines with H+ to form H 2 0 or HC1. 
Begoneration of the catalyst is brought about by reoxidation by a stronger acceptor 
which deprives the metal of one electron and thereby transforms the catalyst to tho 
original, active form. Whether molecular oxygen may be the stronger acceptor, de- 
pends on tho structure of the catalyst. Cytochrome c, for instance, is not autoxidizable 
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and is therefore only reoxidized by a specific oxidase which very probably is nothing 
other than tho hernin enzyme of Warburg (Indophenol oxidase = Cytochrome oxidase). 

In order to illustrate the process of dehydrogenation by a simple metal salt through 
intermediary complex formation, the events leading to oxidation of cysteine to cystine 
may be depicted according to Michaelis (804) p. 140): Cysteine forms a complex 
with ferrous iron. Ferrous cysteino is autoxidizable, forming ferric cysteine with 
oxygen. Ferric cysteino undergoes an intramolecular rearrangement, the ferric iron 
being reduced to ferrous iron by the labile cysteine hydrogen. Ferrous cystine is 
unstable and decomposes spontaneously into its components. Tho reader will not 
find it difficult to visualize the movements of hydrogen and electrons during this 
cycle. 

Similar processes take place if the catalyst is a colloidal heavy metal compound. 
The most important example of such a system, the respiratory hernin enzyme of 
Warburg, begins the catalysis while the iron in the pheohemin group is in tho tri- 
valent state (symbol: > Fe nl OH). Upon collision with a suitable substrate it attracts 
H + + £ and is reduced to a derivative of heme with bivalent iron. This no longer 
possesses the positive charge required to hold the anion. The latter must consequently 
combine with the hydrogen ion: 

1) > Fe 111 OH + H+ + e — > > Fe 11 + 11,0 

2) 2 > Fe 11 + 0 2 + 2 1I 2 0 >2 > Fe in OH + H-O— 0 -II. 

The system containing ferrous iron is autoxidizable. If in contact with oxygen, accor- 
ding to equation 2), the iron yields two electrons to the oxygen, the charged molecule 
-0- 0- removes 2 H+ from the water, and the remaining two hydroxyls satisfy the 
positive charges on the Fe + + + atoms. The cycle is now completed; the catalyst is 
regenerated and the hydrogen atoms removed from the substrato are combined with 
oxygen. 

The theory of Haber and Willstatter 437), which will be given in detail on 
p. 44, takes a somewhat different point of view'. Here, two fundamental points of 
that theory are of importance. The theory assumes in accordance with the view 
developed above that the oxidation catalysts are reversiblo redox systems and that 
they “activate" the substrate hydrogen by accepting one electron and consequently 
reducing the prosthetic group of the enzyme. A stronger accoptor, e.g. molecular 
oxygen, reoxidizes the “desoxy-enzyme” to the active form. The second point is the 
postulate that the enzyme is reduced in a monovalent fashion, i.e. that only one 
electron is accepted and oneH+ released at a time. Thus free radicals are formed which 
carry on the reaction in the form of a reaction chain in the solution without further 
participation of the catalyst. The formation of hydrogen poroxide is not postulated 
by this theory. On the contrary, its formation would break the chain due to the re- 

* 

combination of two radicals, OH, which could otherwise propagate tho chain. 

Formation and Removal of Hydrogen Peroxide. 

The appearance of hydrogen peroxide in the course of heavy metal catalysis has 
already been discussed. It is a necessary corollary to the scheme of valency change of 
the metal. The question of the formation of H 2 0 2 was one of the main objects of the 
now historic dispute between Wieland and Warburg. According to the former, 
hydrogen peroxide should always be formed in biological oxidation, according to 
the latter, never as long as one assumed peroxide formation at the iron and direct 
oxidation of the substrate by this intermediate. 
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In retrospect it is difficult to appreciate this dispute, inasmuch as it had been 
known for a long timo that the prototype of heavy metal catalysis, i.o. the oxidation 
of hydrogen with palladium as catalyst, constitutes a hydrogenation of 0 2 via 
Now the dispute is settled. It is generally accepted that is formed during the 
“valency change* ’ catalysis by heavy metal as well as during the autoxidation of 
organic substances, and we know that the detection of H 2 0 2 in heavy metal catalysis 
is obviated because the peroxide is decomposed by the same metal system as fast as 
it is formed. The decomposition is either of tho “catalatic” type, i.e. a simple break- 
down into water and oxygen, or of tho“ peroxidatic” type, i.e. a dehydrogenation of the 
substrate by the peroxido oxygen. Undoubtedly, hydrogen peroxide may also arise by 
other reactions, e.g. by the interaction of peroxides with water. Formerly Wieland 
rejected this possibility; today (1302)) lie is less definite on this point since peracids, 
for instance, will yield hydrogen peroxide by reacting with water. The autoxidation 
of aldehydes may possibly take place in this maimer. On the other hand, this mecha- 
nism of H 2 0 2 formation is hardly of great biological significance unless it should be 
demonstrated that the first product of autoxidation of organic substances is not a 
simple adduct but a defined organic peroxide as has recently been suspected by 
Krebs, Keilin, and others. The essential thing, in our opinion, is the fact that hy- 
drogen peroxide acts in statu nascendi (see below). 

If it is granted that U 2 0 2 arises regularly in the course of biological oxidation, i he 
mechanisms for its removal must be considered. It is not only highly toxic, killing 
the anaerobic organisms which produce H 2 0 2 when brought iu contact with air (p. 83), 
but its further hydrogenation to water entails the largest gain in free energy. The 
first stage, consisting in the reduction of oxygen to hydrogen peroxide, yields only 

about x / 4 of the total free energy while the second stage, i.e. tho reaction H 2 0 2 + ELj > 

2 H^O, contributes the bulk. The relatively small amount of work made available by 
the first step is the reason why molecular oxygen, thermodynamically speaking, 
represents a rather weak acceptor. 0 2 is just capable of dehydrogenating aromatic 
hydroxy- and amino compounds, but this reaction leads to equilibria (Franke 288)). 
It is the second step, namely, the renewed dehydrogenation by peroxidatic systems, 
which is the decisive factor. This is well known for the case of the “oxidase reactions”. 
Besides the peroxidatic mechanism thero is the catalatic one which restores a part of 
the 0 2 , thereby subdividing the release of the hydrogenation energy of oxygen into 
several increments. The integral effect, however, remains unaltered. 

Tho complete utilization of tho energy stored in hydrogen peroxide is achieved 
by the respiring cells in various ways. The various mechanisms are: 1) The direct, 
non-catalyzed oxidation of substrates by the primarily formed H. 2 0 2 . Examples are 
the oxidation of pyruvic acid (Sevag, see below) and of thiols (p. 83). However, this 
mechanism does not appear to be very important. In the heavy metal-free system of 
dehydrogenase + hypoxanthine (or aldehyde), addition of alcohol does not cause an 
oxygen uptake. Keilin and IIaktree’s 546) explanation of this failure is that alcohol 
is not attacked by the hydrogen peroxide formed by the dehydrogenation of the purine. 
2) Most important of all systems removing H 2 0 2 are undoubtedly heavy metal cata- 
lysts acting either as “catalases” or as “peroxidases”. They may be enzymes, like the 
respiratory ferment of Warburg, peroxidase, catalase, or oxidases of the type of 
uricase, or else other hemin derivatives present in tho cell, e.g. free hematin. In this 
connection it is advisable to report briefly the main results of recent experiments by 
Keilin and Hartree 546) wdrich, incidentally, may throw new light on the physiolo- 



24 


FORMATION AND REMOVAL OF HYDROGEN PEROXIDE 


gical significance of catalase. These investigators find that the cyanide-sensitive uricase 
as well as the cyanide-resistant d-amino acid dehydrogenase (Krebs) specifically 
require oxygen as the acceptor and that H 2 0 2 is formed by their action. They are, 
therefore, to be termed oxytropic dehydrogenases or, in short, oxidases. While in the 
case of the prototype of such oxytropic dehydrogenases, the Schardinger enzyme, 
hydrogen peroxide will only react with added oxidizable substances if peroxidase or 
an iron system are present (Harrison and Thurlow462), Harrison 456)), these 
catalysts are not required in the case of uricase or amino acid dehydrogenase. p-Phe-' 
nylenediamine or alcohol will react with the HgOjj produced by the enzyme. It is parti- 
cularly interesting that the hydrogen peroxide does not act in stoichiometrical propor- 
tion but that it increases the oxygen consumption of the system about twofold. With 
p-phenylenediamine, for instance, the figures for oxygen uptake, according to Keilin 
544), are: uricase + uric acid: 862 cmm. 0 2 ; uricase + phenylene diamine + peroxi- 
dase : 40 cmm.; uricase + uric acid + diamine + peroxidase (complete system): 
757 cmm. There is no doubt that in the first place, under the influence of the iron 
system, the HjC^ is used up in an oxidation reaction. The increase of oxidation beyond 
this limit as shown by the oxygen uptake must be interpreted as follows: H^ + 
peroxidase oxidize the phenylene diamine stoichiometrically; the hydrogen peroxide 
is, of course, destroyed in this reaction. More “activated” hydrogen is liberated from 
a fresh amount of the substrate which is uric acid in the present case. It is accepted 
by freshly added 0 2 . The end effect is, then, that double the amount of substrate 
(uric acid + diamine) has been oxidized which accounts for the increased oxygen 
uptake. The uricase system, presumably containing heavy metal, is aided in a secon- 
dary fashion in its effect by the peroxidatic activity of the new heavy metal system as 
displayed towards the diamine. In the case of alcohol the path of this coupled oxidation 
is such that H 2 0 2 + “peroxidase” oxidize it to aldehyde. Amino acid dehydrogenase 
behaves in the same manner. The results obtained with the Schardinger enzyme are 
the most interesting. Here, alcohol is not oxidized by hydrogen peroxide and no 
secundary uptake of oxygen occurs. But if a trace of catalase is added to the system 
[donator + Schardinger enzyme + alcohol] the same additional alcohol oxidation 
occurs as with the natural system uricase or amino acid dehydrogenase. Keilin and 
Hartree assume that in this case H 2 0 2 + catalase dehydrogenate the alcohol to al- 
dehyde and that the aldehyde thus produced is dehydrogenated in the usual manner 
by the Schardinger enzyme. The peroxide + catalase alone have no effect whatsoever 
on alcohol. Instead, the ordinary catalatic decomposition of into 0 2 + HaO 

takes place. It is to be concluded that H^ will act as an oxidizer of alcohol only 
if it is split by catalase under such conditions that it can act in statu nascendi. In 
fact, catalase -j- other peroxides (barium, cerium, ethyl peroxide) react with the 
alcohol. In other words, it is essential that the hydrogen peroxide must be formed by a 
reaction taking place in the system itself. 

These results are interesting from several points of view. Firstly, they seem to 
suggest, just as has been pointed out by Stern 1073) and Haurowitz 468), that the 
catalatic decomposition of hydrogen peroxide proceeds via highly active groups, 
perhaps free radicals. Furthermore, they seem to support the suggestion, recently 
again discussed by Haurowitz 468), that catalase and peroxidase are closely related 
and that the apparent entirely different behaviour is a question of kinetics. If this is 
true and if Keilin’s systems may be regarded as biological models, the role of catalase 
in the living cell is open to reinvestigation. This enzyme is commonly considered to 
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be a ‘‘safety valve” for the removal of hydrogen peroxide. May it not be, that the en- 
zyme has some significant function as a “peroxidase” in biological oxidation, even if 
not in the main chain comprising cytochrome and the respiratory ferment? This 
secondary heavy metal catalysis with hydrogon peroxide and catalase or peroxidase 
appears to assume an increasingly important physiological significance. It is possible 
that such reactions may go beyond the stage of simple dehydrogenation and lead to 
deeply changed products (p. 32). Ascorbic acid, for instance, is not directly oxidized 
by intiophenol oxidase but by hydrogen peroxide formed by aut oxidation (Szent- 
Gyorgyi 1118)). It is quite plausible that this mechanism is of importance in the 
breakdown of fatty acids (p. 254), and perhaps also in the oxidation of the intermediary 
catalysts ascorbic acid and glutathione (pp. 93, 95). 

If we disregard the above possibilities, it may be stated that disappears in 
every respiring cell due to the activity of catalase and that it cannot be detected for 
this reason. Where catalase is absent, other iron containing systems will catalyze the 
decomposition. In systems devoid of catalase and of other iron compounds, hydrogen 
peroxide is used up more or less completely by direct reaction with certain substrates. 
In these cases sometimes the peroxide may be detected. Such uncatalyzed reactions, 
e.g. with thiol compounds, are hardly significant if catalase or other iron systems are 
available. The only exception is pyruvic acid which will react more quickly with hydro- 
gen peroxide than catalase: 

CH3 CO COOH + H 2 0 2 — -> CH3 COOH + 00 2 + H 2 0. 

This has been demonstrated for pneumococci by Sevag 1045) and confirmed by 
Fujita 383). A catalase resistant intermediate peroxide appears to be formed: 

CH 3 — C — COOH (Wieland). Addition of pyruvic acid will protect these anaerobos 

' /\ 

OH OOH 

against hydrogen peroxide poisoning just as efficiently as catalase. Methyl glyoxal 
acts similarly. 

The explanation of the peroxidatic and catalatic activity of iron systems offers 
theoretical problems of fundamental importance. Are we able to explain the peroxidase 
function of iron systems also on the basis of a catalysis with a valency change of the 
metal or rather on the basis of peroxide catalysis? The evidence favoring the former 
point of view will be discussed on page 70 and that supporting the latter on page 123. 

There is no difficulty in explaining the peroxidase function by Wieland’s 
theory as is done by Bertho 105), p. 727). From the standpoint of dehydrogenation 
catalysis and acceptor specificity it does not matter whether 0 2 is added as — 0 — 0 — 
to the bivalent iron or whether H 2 0 2 is att racted to it by secondary valencies. In that 
case two electrons of the metal and two hydrogen ions from water (derived from the 
substrate) would add on to the hydrogen peroxido and hydrogenate it to water: 
H — 0 — f3 — H + 2 H =r= 2 H 2 0, or, written more accurately 

2 H + "j - 2 s 

2>Fe n +2 H 2 0 + H + — ~0 — 0“ — H + >2>Fe ,u - OH + 2H + — CT— H^. 

In the case of simple iron salts this may be an induced reaction; in the case of iron com- 
plexes which are capable of repeated reduction of the ferric stage (especially if the iron 
is contained in the molecule of hemin ferments like peroxidase*) this process becomes 
a true catalysis. It is readily seen that in the case of cysteine metal complexes, for 
instance, the hydrogenation of H 2 0 2 is a direct continuation of the preceding 0 2 

*) See, however, Haurowitz (468), 469)). 
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catalysis leading to further dehydrogenation of substrate molecules (Michaelis 800 )). 
However in this case and especially in inducod reactions, the possibility of peroxide 
formation on the iron and copper, as postulated by Manchot and discussed by Wieland, 
must not be overlooked (p. 128). 

The strong cat ala tic activity of heavy metals cannot be explained so readily. 
Wieland has acknowledged that the apparently simple (monomolecular) decomposition 
of BA into H 2 0 + 0 is out of the question since no atomic oxygen is formed. He 
interprets the reaction as consisting of the dehydrogenation of one hydrogen peroxide 
molecule and hydrogenation of another peroxide molecule: 

1) H— 0— 0— H (+ Catalyst) ^ 0 2 + 2 H 

2) H— 0— 0— H + 2 H > 2 H 2 (). 


The monomolecular course of the reaction is probably simulated by the fact that 
only reaction 1) proceeds with measurable velocity while 2) is instantaneous (Franke 
l.c. 288), p. 177)). One might think, therefore, that here also a valency change of 
the iron takes place so that the ferric iron is reduced by I1 2 0 2 to ferrous iron which in 
turn transfers the electrons and hydrogen ions to the second H 2 0 2 molecule. The 
difficulty is that ferric iron, according to Manchot, does not react, with H 2 0 2 . For 
this reason, Manchot favors a mechanism with peroxide formation at the metal; 
however, the regeneration of ferrous iron from Fe . . 0 2 which is to be postulated if the 

scheme > Fe + 2 H — 0 — 0 — H > Fe . . 0 2 -\- 2 H 2 0 is to result in catalysis, is 

somewhat doubtful. Manchot's formulation has been attacked by Haber who inter- 
prets the process as a complicated chain reaction (p. 128). Wieland assumes that a 
small amount of ferrous iron exists in stationary concentration in the system due to 
interaction of ferric iron with H 2 O 2 as donator. The donator function of 1I 2 0 2 is especial- 
1 y supported by the decomposition of diethyl peroxide by ferrous salts ( 1307 )) yielding 
ethyl alcohol and acetaldehyde. This is explained by hydrogen transfer from one 
peroxide molecule to another (for details see Franke (l.c. 288), p. 178)). While the 
mechanism of the catalysis by simple iron systems is still obscure, for homin catalysis 
a possible explanation has recently been put forward by Haurowitz 468) based on 


H \ 

the polar structure of H 2 0 2 . He attributes to it the formula ^>0+* — 0 , or simply, 


K 


^>0— >0. This formulation would explain the well known fact that, hydrogen 


H' 


peroxide may act both in a reducing and an oxidizing manner. In accordance with 
such a structure it could, as suggested by Wieland, serve as a hydrogen donator by 
hydrogenating the terminal O atom of another molecule so that two molecules would 
yield two HsO molecules. Bancroft 62) on the basis of his potentiomotric studies 
writes the reaction as follows: 


2 H + 0:0 + HA ^ 2 H 2 0 + 0 2 . 

He deduces from his measurements that a substance is reduced by HA if its true 
electromotoric force as referred to any type of electrode and any type of solution is 
greater than that of the H 2 0 2 in the same system, and that it is oxidized by H^Og if the 
reverse is true, provided, of course, that the reduction or oxidation is kinetically possible. 
Such a reaction is promoted by the hemin catalyst without a valency change. The 
ferric iron of the hemin holds the H 2 0 2 (just like HCN, etc., p. 73) at the terminal 0 
in coordinative linkage and effects its hydrogenation by hydrogen from any available 
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source. The source may be electrolytically produced hydrogen at the cathode, a 
reducing chromogen or H 2 Oo itself. The general equation would be: 

F e -M- + ... 0*-"OH 2 + DH 2 *Fe + + + + 2 H>0 -f D, 

with H 2 0 2 as donator: 

Fo + + + — 0 0H 2 + H 2 0 — > 0 > Fe + + + + 2 H 2 0 + C) 2 . 

Such complexes have been discovered by spectroscopy (p. 80). According to Stern 
1073), the same scheme holds for the enzyme catalase. H 2 0 2 is attached to the enzyme 
molecule. At the surface of the catalyst the peroxide is split into the free radicals 

t 

OH which enter a chain reaction. In the case of catalase Stern (1085), see p. 176) 
was able to demonstrate complex formation with ethyl hydrogen peroxide but not 
with hydrogen peroxide. An intermediary valency change of the catalase iron in the 
course of the catalysis of H 2 0 2 has been postulated by Keilin and Hartree 519) 
(see p. 177) although the ferric iron of catalase is remarkably stable and cannot bo 
reduced by hydrosulfite. 

A unitary theory of peroxidase, catalase, and also oxidase action had already 
been attempted by Shibata 1049). but his concept, at least in details, conflicts with 
the more recent experimental results. Therefore it may suffice to note in passing that 
Shibata refers back to the old hypothesis of the “decomposition of water”. The metal 
complex is supposed to form a labile aquo compound (oxidases) or a compound with 
HA (peroxidase, catalase) without a valency change of the metal. The aquo complex 
is split in H- OH, the hydrogen peroxide complex in H--0| 0 — 11. The free radical 
* 

OH oxidizes the substrate, the hydrogen hydrogenates the acceptor (quinone, oxygen). 
In the catalase reaction two H 2 0 2 molecules (just as in the theory of Haurowitz) 
react with the catalyst. One of them is split into HO| Oil while the other is split into 
H •••() — 0**H. The two sets of split products yield 2 H 2 0 + 0 2 . The theory has been 
criticized by Zeile (1374) p. 721). 

It may be mentioned parenthetically that Kemesow 977) reports that cholesterol 
in colloidal solution shows cyanide resistant catalase and peroxidase activity. However, 
the presence of traces of heavy metals apparently are not completely excluded, just as 
in analogous findings with phosphatides (p. 122). 

II. Extension and Reshaping of Previous Theories. 

In the preceding general discussion it has been attempted to give the skeleton of 
a thoory of catalytic oxidation. It is now our task to render a more detailed descrip- 
tion of the development of these problems and, as far as possible, of the modern 
Unitarian thoory. The framework is provided, but many special problems are still in 
a controversial state *). Inasmuch as the modern concept of biological oxidation places 
the main emphasis on the hydrogen transfer which will be designated as “activation” 
for the sake of brevity, the changes which Wieland's theory has undergone will be 
dealt with first. Following this, the reshaping of Warburg’s theory will be described. 

1) Development of Wicland s Theory. 

a) On the Nature of the Activation of Hydrogen. 

From v the very beginning, Wieland has attempted to define the concept of tho 


*) See the comprehensive treatment of the subject by Franke in Euler’s book ( 288 )). 
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,, activation of hydrogen” which is the main foundation of his theory. The activation 
which he visualizes is certainly, as a rule, not to be confused with an activation con- 
sisting in the production of hydrogen atoms. In most cases it means a deformation of 
the hydrogen molecule by residual valency forces. In any event, as in every catalysis 
at surfaces, the substrate must be "bound” to the catalyst. The molecule of tho donator 
is thereby distorted and the hydrogen is "dislocated” from its firm seat in the sub- 
strate molecule (Boeseken). The assumption underlying this concept is that it is 
pfeferably the hydrogen which represents the part of the molecule attached to the ’ 


catalyst, as follows: 



II: 

‘Cat. 

H:* 


If free H 2 is utilized in the hydrogenation the 


bond between the hydrogen atoms is weakened by the attraction 





• Cat, 


Also on palladium surfaces this deformation of the molecule is the essence of hydrogen 
activation and not its splitting up into atoms. During the hydrogenation of the accep- 
tor which is likewise adsorbed on the catalyst the hydrogen severs its residual valency 
linkage and goes to the acceptor (Wieland 1302), Quastel 943)). 

The concept of a labilization of hydrogen and of its attraction by the active center 
of the catalyst is especially important, because it leads without difficulty to the modern 
hypothesis that the hydrogen is completely taken over by the catalyst which is thereby 
hydrogenated or at least reduced in the case of a heavy metal. In the latter case tho 
liberated hydrogen atom is not attached as an entity to the catalyst but only its elec- 
tron is taken up while H+ is set free. 


Though from the outset one could predict that the complicated and in its premisses 
improbable theory of oxidation-reduction of Bacii would eventually be absorbed 
by the more comprehensive theory of dehydrogenation-hydrogenation of Wieland, 
Bach has made several attempts to preserve it by trying to establish differences 
between "oxidation” and "oxido-reduction”. Bach and Michlin 52) state that in 
presence of 0 2 xanthine dehydrogenase does not effect a reduction of oxygen but that 
uric acid is formed by somo kind of dismutation. This has been refuted by Wieland 
and Rosenfeld 1325). The milk enzyme dehydrogenates aldehydes (and xanthine) 
in presence of oxygen and it disrautes aldehydes in absence of oxygen (Wieland 1319)). 
This is not a general rule. In the case of acetic acid bacteria there exists a separate 
"mutase” (Wieland and Pistor 1321)). It is true that according to Bach 54) highly 
purified aldehydrase from milk yields more salicylic acid anaerobically with acceptors 
than under aerobic conditions. But the reason for this phenomenon is that the hy- 
drogen peroxide formed in the reaction inactivates the purified enzyme which is 
protected by catalase in the less pure preparations (Wieland 1319, 1325)). The same 
fact may possibly explain the claim of Reichel 966) that aldehydrase (from milk) 
is anoxytropic. Only in the presence of yellow enzyme it is stated to dehydrogenate 
aldehyde with simultaneous hydrogenation of the flavin enzyme; otherwise, it is said 
to act as a mutase (see p. 262). Another claim of Bach 53) that the dehydrogenation of 
succinic acid in presence of oxygen or of methylene blue as acceptors is brought about 
by different mechanisms has been refuted by F. 6 . Fischer 337). In both cases the 
same dehydrogenase is effective. The reason for the inferior behaviour of methylene 



DEVELOPMENT OF WIELANO's THEORY 


29 


blue is that leuco methylene blue is very slightly soluble and is strongly adsorbed 
by the muscle fibers present in the preparations. The inferiority of quinone is due to 
its toxicity towards the enzyme (Wieland 1311)). 

The * 'hydrolytic’' theory of Battelli and L. Stern lias been refuted by Oppen- 
heimer 902) and recently by Franke (l.c. 288), p. 120). 

Dehydrogenation hv Metals: Another important step in the development of 
Wieland’s theory was the demonstration of its applicability to certain heavy metal 
c atalyses occurring in the absence of oxygen. Not only platinum or palladium 
surfaces but also other heavy metals are capable of transferring hydrogen in the absence 
of oxygen. From the point of view of "valency change” catalysis it makes no theoretical 
difference but is only a question of potentials and acceptor affinity whether a heavy 
metal catalyst in the reduced form is reoxidized by oxygen (or hydrogen peroxide) or 
by another acceptor. 

Even more important are those experiments which concern the role of iron in 
oxidation by molecular oxygen as well as by hydrogen peroxide and which have led 
to entirely new points of view. 

The previous theory concerning active peroxides (Manchot) or peroxide like 
substances (like the poorly defined higher stages of iron oxides of Warburg) was 
sufficient to explain only induced reactions in which ferrous iron via intermediates 
of about the type Fe**0 2 promotes the oxidation of the substrate by the scheme of 

Engler (AOo + B > AO + BO) and comes to rest as ferric iron (see Oppen- 

heimer902)). For a catalysis, this scheme is insufficient since it cannot explain 
satisfactorily how' the regeneration of the ferrous form is brought about. The possi- 
bility that the peroxide yields its entire oxygen to an acceptor and is thus reduced to 
the ferrous form would not be plausible as a general scheme. 

Thus Wieland was led to develop a different concept based on the assumption 
that ferrous iron does not activate the oxygen but the hydrogen of the substrate and 
that this process is brought about by the formation of a complex between ferrous iron 
and substrata. One of the most important observations suggesting this hypothesis 
was the "Primarst oss” (initial peak). If an oxidizable substance in weakly acid 
solution is allowed to react with ferrous salt and hydrogen peroxide an immediate 
extremely rapid peroxide decomposition is observed which is much greater than that 
calculated for an induced reaction involving peroxide formation. In the case of some 
substrates the reaction will stop at this point, in the case of others a catalysis follows 
which may be due to dehydrogenation of the substrate* and a concomitant reduction 
of ferric to ferrous iron. Tartaric acid, for instance, is oxidized to dihydroxymaleic acid 
by the "Primarstoss”. The subsequent catalysis is carried on via tartaric acid and 
dihydroxymaleic acid: 

CHOH COOH — 2 H C (OH) COOH 

l > II 

CHOHCOOH O(()H)C00H. 

A further important milestone in this development w r as the recognition of the 
significance of complex formation with heavy metals which was promoted not only 
by Wieland but also by Michaelis and by Boeskken. It is probable that all true 
catalyses are based on the phenomenon that the decisive valency change does not 
concern simply ionized metals but metal c o m p 1 © x e s showing entirely novel features. 
It appears that simple salts are able to cause only induced reactions leading to the inert 
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ferric stage. The new features depend, of course, on the structure of these complexes. 
On the one hand, complex formation tends to lower the potential of the Fe + + + /Fo + + 
system (Franke 352)) which in itself would produce an increase in reaction rate, 
especially in the ph range of 5 — 7, on the other hand Smytiie 1061) points out that it 
should be more difficult to remove an electron from a nucleus carrying a double positive 
chargo (ferrous ion) than from a non-ionized ferrous complex. Furthermore, tho rear- 
rangement of the valencies in the organic structure due to the introduction of the 
heavy metal causes a labilization of hydrogen. Franke 353) has studied the structure 
and the properties of a number of iron complexes. In the case of the intramolecular 
oxidation of thiol groups in the cobalt cysteino complex this labilization of hydrogen 
has been experimentally demonstrated with tho polarograph by Brdioka. 

For those considerations is it not necessary to restrict oneself to complexes in the 
narrow sense of the term. Salts of simple structure are also catalytically active if the 
metal has an opportunity to exert, besides its main valency, also residual valency 
forces. If, for instance, the metal salt of a hydroxyacid is formed, the metal will replace 
the hydrogen atom of the carboxyl group, but it will also exhibit covalency bonding 
with the hydroxyl group (or a thiol group, as the case may be). This intails a defor- 
mation of the molecule. By attracting the 0 of an OH group the H is repelled by the 
metal and thereby mobilized. For the example of ferrous tartrate Smythe 106) has 
developed more detailed formulas. Similar schemes might be applied to the catalytic 
oxidation of cysteine (p. 22) especially to that phase of the reaction where the ferric 
cysteine, initially formed by the oxygen, is rearranged intramolecularly to ferrous 
cystine. Also in carbonyl compounds (aldehydes) the metal may attract the oxygen 
thus changing the charge on tho carbon atom and mobilizing the hydrogen. Finally, 
Wieland assumes that even oxygen (or HgOg) is involved in tho complex formation 
and that the ferrous iron is thus protected for a certain period and is given an oppor- 
tunity to ,, activate” the oxygen (see Franke (288) p. 199)). 

On tho basis of this concept, Wieland has encompassed reactions as instances of 
hydrogen activation which formerly had been interpreted as peroxide formation with 
the iron, e.g. the “autoxidation” of arsenite to arsenate by ferrous iron which is an 
induced reaction. In other, similar reactions, e.g. in the system Fo + + — 0 2 — hypophos- 
phite, Wieland and Franke 1313) found that they aro no true induced reactions. 
The induction factor is much too large, they are incomplete catalyses and stop because 
tho metal eventually is stabilized in an inactive ferric state. The authors consider 
these processes as cases of hydrogen activation where Fe + + transfers activated hydro- 
gen to oxygen until it is gradually oxidized by 0 2 or H 2 0 2 to Fe f + + . These consider 
become true catalyses if a minute amount of complex forming organic acids (dihydr- 
oxymaleic acid, thioglycolic acid, various /}-ketoacids) are added (combined autoxida- 
tion systems). The latter act catalytically because their ferric complexes are readily 
reduced to ferrous complexes. An excess of these “activators” acts in an inhibiting 
manner because the formation of the main complex, e.g. of the hypophosphite com- 
plex, is prevented. Various organic substances like thioglycolic acid or pyroeatechol 
behave like hypophosphite. With simple fatty acids, however, only induced oxidation 
has been observed. Here, the ferrous iron is able to transfer oxygen only until it is 
oxidized to ferric iron since no complex formation between the Fe and the substrate 
takes place. It is only after the addition of complex forming substances, e.g. thio- 
glycolic acid, that the simple fatty acids are catalytically oxidized. It should be men- 
tioned that, according to Bockenmueller 129), in the oxidation of hypophosphite 
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there is first formed a phosphoric acid radical which propagates the further oxidation 
as a chain reaction (p. 44). 

We see that as a result of this trend the theory of primary dehydrogenation was 
slowly penetrating into the realm of heavy metal catalysis and that Wieland, in ac- 
cord with Warburg, has stressed the significance of the valency change for this type 
of catalysis. This is coupled with the assumption that the participation of oxygen is 
only due to the fact that the reduced form of the catalyst is autoxidizable. 

b) The Bole of Hydrogen Peroxide. 

For some time the question whether in the course of an oxidation by molecular 
oxygen hydrogen peroxide is formed was considered to be of prime importance in 
deciding whether activation of hydrogen or of oxygen had taken place. Wieland 
assumed that H 2 0 2 is formed by necessity; Warburg argued against this view (Oppen- 
iieimer 902)). This controversy is a thing of the past. Whenever a catalysis involving 
initial dehydrogenation, with or without heavy metal, occurs, hydrogen peroxide is 
produced by tho hydrogenation of oxygen. Besides this mode of H 2 0 2 formation there 
may occur a secundary II 2 () 2 production by the reaction of peroxides with water which 
is no longer denied by Wieland 1302). 

Tt is mainly the merit of Wieland’s school that on the one hand the formation of 
H 2 0 2 has been demonstrated both in model systems and in biological experiments, and 
that on the other hand the cause for its frequent failure to appear has been revealed, 
namely, that the peroxide is decomposed in the course of the reaction. It need hardly 
been mentioned that hydrogen peroxide cannot be detected in biological systems if the 
cells contain catalase (see for instance Wieland 1299)). 

Model Experiments. 

It has been shown by Wieland and Franke 1313) and by Macrae 712) that the 
non-catalyzed HCN-resist.ant autoxidation of methylene blue, pyrocatechol, pyro- 
gallol, and dihydroxymaleic acid represents a typical hydrogenation of oxygon leading 
to H 2 0 2 production. Detection under these circumstances is possible since H 2 0 2 reacts 
only slowly with the leuco forms (Macrae). Hydrogen peroxido is also formed by the 
autoxidation of methyl glyoxal + HCN, the end products of which are acetic acid and 
formic acid (Smythe 1062)). If methyl glyoxal reacts with HCN under anaerobic 
conditions pyruvic acid and a polymer of C 3 1I 6 0 2 are formed by dismutation (1062)). 

If a heavy metal catalysis replaces the simple metal-free autoxidation of such 
organic donators, hydrogen peroxide disappears almost invariably. 

It. is especially true for iron catalysis, loss for copper: When leuco methylene blue 
is dehydrogenated with copper as a catalyst hydrogen peroxide may be detected 
(Beid 971)). If pure iron salts are permitted to autoxidize in the presence of H 2 0 2 the 
latter disappears while it will not be destroyed during the oxidation of copper salts 
and only partly by that of complex cobalt salts. The kinetics of this reaction has been 
studied in detail by Wieland and Franke 1312, 1314, 1315, 1316). Under the same 
set of conditions H 2 () 2 will react 10 times faster than oxygen in the presence of copper 
and 100 times faster in the presence of ferrous iron. The disappearance of II 2 0 2 in 
presence of iron is due to two types of reaction, a catalatic and a peroxidatic one. 
Tron salts will decompose H 2 0 2 catalatically into water and oxygen. Palladium will 
do tho same. During the dehydrogenation of alcohol, hydrogen peroxide which has 
been added to the system is destroyed. The demonstration of hydrogen peroxide for- 
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mation during the hydrogen-oxygen reaction which has been used as an argument 
against Wieland’s theory (Tanaka 902), p. 1289) is made possible by kinetic cir- 
cumstances, namely, by the greater H-concentration prevailing at the surface of the 
metal (Wieland 1310)). In the case of palladium black, Macrae 743) has succeeded 
in fixing and demonstrating H 2 0 2 formation in the dehydrogenation of methanol and 
alcohol as in the H 2 -f- 0 2 reaction. Secondly, all these heavy motal systems, expecially 
iron, have a strong peroxidase action. The complexes which they form with the organic 
substrate are attacked by H 2 0 2 which, in turn, is thereby destroyed. We are dealing 
here partly with induced reactions and partly with true catalysos. The second sub- 
strate may be a diphenol, p-phenylene diamine, dihydroxymaloic acid, or a thiol com- 
pound (for details see p. 70). It may be mentioned here that Harrison 462) was 
able to demonstrate these relationships by adding ferrous salt to an autoxidizable, 
heavy metal-free system, e.g. hypoxanthine plus dehydrogenase. There will occur a 
dehydrogenation reaction closely resombling peroxidase action. This reaction is gaining 
more and more in importance: it may well be the normal sequence of reactions and it 
may have a considerable biological significance (p. 22). The first step consists in the 
autoxidation reaction proper yielding H 2 0 2 . In the subsequent stage the metal acts 
on the peroxide in statu nascendi as a peroxidase. This process may extend far beyond 
that of a reversible oxidation-reduction reaction. Such processes are apparently in- 
volved in pigment formation. A few examples may be given: 

In the course of the iron catalysis of hydroquinone at first H 2 () 2 is formed. In 
conjunction with iron there follows a peroxidatic change of the quinone to humin 
substances. A similar change occurs with the polyphenol ethers as the substrate; 
they are stable against Fe + 0 2 (Bach 50)). No purpurogallin is formed in the 
oxidation of pyrogallol by Fe H 2 O a , as is the case with peroxidase as the catalyst, 
but humin substances. The primary product in this case is an inactive pyrogallol- 
iron complex (Wassermann 1285)). Epinephrine behaves similarly (see e.g. Merrit 
Welch 780)). A similar explanation may hold for the observation of Bingold 120) 
that hemin + H 2 0 2 will decolorize methylene blue irreversibly. The oxidation by a 
metal -j- hydrogen peroxide is a very drastic process and goes much further than 
ordinary biological dehydrogenations. In the decomposition of fatty acids by coppor 
acting as peroxidase a drastic degradation has recently been observed (Smedley- 
Maclean et al. 1059)). It might be possible that in this instance the model reaction 
may possess true biological importance. Further details will be found on pp. 70, 254. 

The theoretical significance of these observations is to bo seen in their classification 
by Wieland as an acceptor hydrogenation of II 2 O 2 by the substrate, thereby postulating 
completo equality for molecular oxygen and hydrogen peroxide. This is equally im- 
portant for the development of the view that the heavy metals too first act as dehy- 
drogenases and then in turn, are dehydrogenated themselves, as it is for the interpreta- 
tion of the biological action of peroxides, i.e. of the peroxidase function. It is in koeping 
with the assumption of Wieland that the catalatic breakdown of hydrogen peroxide 
represents a coupled dehydrogenation and hydrogenation of two H 2 O 2 molecules. 

Hydrogen Peroxide In Biological Systems. 

Some time ago H 2 O 2 formation was first detected in biological systems. It was 
found in catalase-free bacteria and also in a cell-free enzyme systom, namely, when 
xanthine is acted upon by the purine dehydrogenase of milk (Thurlow, Dixon). A 
little later Wieland and Fischer 1310) and Wiieldale-Onslow 1297) observed 
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Ha0 2 production in the dehydrogenation of polyphenols by a thermostable and cyanide- 
resistent inorganic salt mixture obtained from mushrooms. These findings, however, 
did not carry very much weight since the peroxide concentrations wore very small 
owing to the presence of iron containing oxidases. Moreover, the observations made 
with the salt mixture from Lactarius could not be reproduced. The true oxidizing 
enzyme present in the same source does not yield H 2 0 2 (Wieland and Sutter 
1325)). 

Since then, the formation of hydrogen peroxide by the action of the Schardinger- 
enzyme which dehydrogenates xanthine and aldehydes has been confirmed by Wieland 
1311, 1319, 1320) in extensive experiments. The quantitative method which he em- 
ployed is based on the following principle: 

H 2 0 2 is stabilized as cerium peroxide by adding ceric salt; the peroxide is decom- 
posed with acid into H 2 0 2 and ceric salt. The hydrogen peroxide is destroyed by catalase 
and the ceric ion is determined by titration. If the biological system contains catalase 
to begin with, the method will fail because the enzyme reacts much more rapidly with 
H 2 0 2 than does the cerium salt. In other instances (lactic acid bacteria), it has been pos- 
sible to determine the H 2 0 2 by direct titration. KI is added and the iodine liberated is 
titrated with thiosulfate. 

Other examples of H 2 0 2 formation are reactions catalyzed by cyanide resistent 
oxidases, e.g. tyramino oxidase (Hare 451)) and amino acid dehydrogenase. The same 
holds for the cyanide sensitive uricase (Keilin and Hartree 546)). One molecule of 
0 2 yields one molecule of H 2 0 2 . In certain coupled reactions, however, the H 2 0 2 is hy- 
drogenated by the substrate, e.g. alcohol, phenylene diamine. 

It has since boon possible to detect and to assay qualitatively H 2 0 2 in living cells 
which are void of catalase. The experiments by Platt 933) and Hewitt 480) with pneu- 
mococci and streptococci confirmed the earlier observations, e.g. of Avery, but they 
were only qualitative in nature and therefore not quite decisive. Dubos 221) showed that 
the limiting factor in peroxide formation by pneumococci is the donator concentration; 
addition of sugar will cause a continuation of H 2 0 2 formation. Eventually Bertho 
and Gluck 107, 108) succeeded in solving this problem with the aid of catalase-free, 
facultative anaerobic lactic acid bacteria (B. Delbriicki, acidophilus, Jugurt). 
They showed that the entire 0 2 which is absorbed is converted into H 2 0 2 (R.Q. =• 0.5). 
Finally, the bacteria are poisoned by the peroxide and they die. The same observations 
have been made by Fromageot 378) with B. bulgaricus. 

These cells represent very special cases of enzymatic systems. They contain no 
hemins (not even cytochrome) and they are accustomed to live anaerobically. The 
rather unphysiological respiration which is “ forced” upon them by bringing them into 
oxygen is catalyzed by the yellow ferment (p. 42). We are dealing here, then, with an 
acceptor respiration (p. 108) which may be increased by adding methylene blue up to 
300 per cent and which is not affected by cyanide or carbon monoxide. The substrate 
which is utilized in this respiration is some product of the anoxybiontic carbohydrate 
breakdown which is symbolized by Davis 195) as “lactic acid/* 

Acetobacter peroxydans is the exceptional case of a strongly respiring bacterium 
with hemin enzyme systems which is freo from catalase and still does not produce hy- 
drogen peroxide. Wieland’s 1321) investigation has revealed that the bacterium 
compensates for the lack in catalase by a strong poroxidatic activity of its hemin systems; 
even extraneous is utilized for the dehydrogenation of alcohol or, in the model 
reaction, of p-phenylenediamine. We are dealing here with a case of special adaptation, 

Oppenheimer-Stern, Biological Oxidation. 3 
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since the bacterium is capable of oxidizing molecular hydrogon by hydrogen peroxide 
only under anaerobic conditions. Upon admission of 0 2 this reaction ceases, probably 
because 0 2 displaces the H 2 0 2 from the surface of the catalyst by virtue of its greater 
affinity. 

In the case of cells containing catalase but possessing a cyanide resistant respiration, 
e.g. Chlorella, the attempt to detect H^Og, even after inhibition of the catalaso by 
HCN, has failed to yield positive results (Tanaka (see Oppenheimer 902)). Presumably 
also in this case the H 2 0 2 is decomposed in a peroxidatic reaction by the heinin system 
which may be present but not always be active. It is to bo remembered that the respira- 
tion of Chlorella occurs via the flavin system only if sugar is lacking; otherwise the 
respiration is catalyzed in the usual maimer by the ferment hemin (p. 42 and 260). 

c) Acceptor Specificity. 

The most important development of Wieland’s theory in recent years has been 
the recognition of specificity of dehydrogenases also with respect to the acceptor. In 
other words, wo have come to realizo that the acceptor too exhibits specific affinity for 
the catalyst, and not only the donator. The term affinity is applied here in the same sonse 
as in the exposition of the general theory of catalysis. It represents a tendency to form 
complexes which may be interpreted either as adsorption or as residual valency com- 
pounds. 

Even in his first publications on biological oxidation Wieland considered the 
possibility of adsorption of the acceptor on the catalyst. Furthermore, he pointed out 
that certain compounds of considerable oxidizing power, o.g. persulfates, are not suitable 
as acceptors in dehydrogenase systems. But Wieland did not recognize the specific 
element; for all ordinary cases his theory explicitly postulated that any possible and 
thermodynamically permissible acceptor could be utilized. The same enzyme, for instance, 
was supposed to dehydrogenate acetaldehyde, and to transfer the hydrogen to another 
molecule of aldohyde (dismutation) or to a quinoid dye (SciiARDiNGER-reaction) or to 0 2 . 
The only exception that Wieland mentioned was that, in view of tho specificity of the 
peroxidase action, H 2 0 2 cannot act as acceptor for the ordinary dehydrogenases of tho 
cell but only for peroxidases. It has previously been pointed out (Oppenheimer 902)) 
that this justified assumption punctures Wieland’s theory with rogard to an essential 
point. If in one case acceptor specificity had to be admitted there was no reason why the 
principle of non-specificity should be maintained for the other acceptors or en- 
zymes. 

As a matter of fact, the hypothesis of free choice of acceptor has been refuted by 
subsequent developments. When the acceptor was varied with tho same catalyst-donator 
combination, differences were observed which have led to the rule that in each case the 
catalyst, and especially the dehydrogenases, are functioning in a specific ternary 
system and that the acceptor is, at least quantitatively, of decisive importance for 
the effect. 

Thore are, for instance, true dehydrogenases which, contrary to the case of the 
xanthine dehydrogenase and aldehydrases which have been particularly stressed by 
Wieland, are unable to react with molecular 0 2 unless another autoxidizable system 
(heavy metal catalyst) is present. This conclusion is inevitable if it is admitted that 
poisoning by cyanide in very small concentrations is adequate proof for the participation 
of an iron system. The first case of this kind was that of succinic acid dehydrogenase 
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(see Oppenheimer 902)). The enzyme action is resistant against cyanide if a dye is used 
as acceptor, while the hydrogenation of oxygon is cyanido-sonsitivo. The same is true 
for citric acid and for lactic acid dohydrogonase. These enzymes have been designated 
by Tiiunberg as an oxy tropic dehydrogenases. Here it has indeed been possible 
to provo that they no longer react with 0 2 in purified state. Leiimann 710), continuing 
the work of L. Stern and of Hahn, has recently shown that if succinic dehydrogenase 
is kept at 0° the reaction with 0 2 is completely abolished. Conversely, almost all“anoxy- 
tropic” dehydrogenases may be made to utilize oxygen if a heavy metal catalyst is added. 
This has been demonstrated for the “anoxy tropic’’ glucose dehydrogenase by Harrison 
458). However, his findings could not bo confirmed by Ogston and Green 895). The 
weak aerobic action in the system dehydrogenase-glucose was increased sixfold if he 
added cytochrome c and respiratory ferment (in the form of washed sheep heart muscle). 
In the absence of the dehydrogenase the reaction did not proceed. A similar finding was 
made by Barron and Hastings 83) in tho system lactic acid dehydrogenase (from 
gonococci) -f- nicotine hemochromogen or cresyl blue. 

With respect to these anoxytropic dehydrogenases it appears to be established that 
they are unable to react with molecular oxygen because they show no affinity for it. 
Franke (l.c. 288), p. 240) explains this by the fact that the small oxygen molecule is 
adsorbed and deformed only with difficulty and that a particular structure is required for 
combination with oxygen, e.g. complex metal configurations. One might mention here also 
the affinity of oxygen for polyphenols. As a matter of fact, only few organic substances 
and only those belonging to a few classes of the system are autoxidizable. The acceptor 
specificity is, then, proven to satisfaction in these instances. 

When testing for purposes of comparison a number of different acceptors, physical- 
chemical and toxic factors may confuse the issue. Experiments with intact cells, in par- 
ticular, aro not quite suitablo for obtaining clear cut results. Tho situation is much 
simpler if isolated dehydrogenases aro used. It is true, though, that even here affinities 
may be simulated by inhibition of the enzyme by certain acceptors. Methylene blue and 
quinone are cases in point (Wieland 1320)). Qninone poisons the succinic dehydrogenase 
of muscle tissue (Wieland and Frage 1311)), the aldehydrase of yeast (Wieland and 
Claren 1308, 1309)) and, more slowly, also the aldehydrase of milk (1320)). The isolated 
alcohol dehydrogenase of yeast reacts with 0 2 and methylene blue, but not at all with 
benzoquinone (Muller 842)). On the other hand, the enzymatic activity may be harmed 
with 0 2 as the acceptor if the purification of the dehydrogenase has eliminated the last 
traces of catalase so that the toxic II 2 0 2 which is formed in the enzymatic process is no 
longer destroyed. The aldehydrase of milk is an example (Wieland and Rosenfeld 1325)). 

Tho phenomena observed with whole cells are very complex. Besides considerations 
of acceptor specificity there enters the question of diffusion and permeability in general, 
furthermore specific inhibition of the enzyino proper (see above) and lastly secondary 
reactions of the acceptor with other components of the cell, e.g. with the hemin enzymes. 
There is tho further complication that in comparative experiments with acceptors and 
0 2 with respiring cells the reduced form of the acceptor will not react directly with O a 
but that it will be reoxidized by the ferric form of tho respiratory ferment (Warburg). 
Thereby tho dehydrase action becomes cyanide sensitive in an indirect manner even if 
the enzyme as such should bo cyanide resistant. In any case these disturbances mask 
the true kinetics of the enzyme reaction. 

In the first place problems of diffusion have to be considered when working with 
intact cells. Bertho (105), p. 782) states that besides 0 2 biological acceptors like acet- 
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aldehyde will readily penetrate into the cell. As a rule, this holds also for quinone which 
is a very strong acceptor. Equal affinity for the enzyme surface assumed, those acceptors 
will act similarly to 0 2 even with intact colls. This is not true for the quinoid dyes. The 
efficiency of methylene blue as an acceptor, for instance, will sometimes be found to be 
close to that of quinone or oxygen, as with lactic acid bacteria (Bertho and Gluck 
108)), in other cases it is found to be much less efficient, e.g. with acetic acid bacteria 
(Wieland and Bertho 1305), Beid 973)), with yeast (Wieland 1308, 1309)) and 
Thunberg 1173)), or with minced muscle (Wieland and Frage 1311)). 

The participation of permeability factors is brought out by experiments by Ambrus 
et. al. 22) with yeast. Methylene blue which has once penetrated into the cell is reduced 
three times faster than the dye outside the cell. Furthermore, the apparent inferiority of 
methylene blue compared with 0 2 and quinone disappears, both in the case of yeast and 
of acetic acid bacteria, if acetone preparations with destroyed cell structure are employed 
(Wieland 1301)). Plasmolyzed yeast reduces methylene blue twice as fast as intact 
yeast (Harrison 456)). 

That some complications are caused by the cell hemins is indicated by the different 
behaviour of hemin containing cells. Bertho 104) reports that thoso cells which are free 
from hemin (lactic acid bacteria) react with methylene blue and with quinone as well 
as with 0 2 (Ratio 0 2 : Methylene blue: Quinone = 1 : 2.5 : 4.0). The cells reacting ab- 
normally have a true respiration and a complete heminsystem. In acetic acid bacteria, for 
example, quinone inhibits the oxygen uptake (Wieland and Bertho 1305)); methylene 
blue will do the same in the case of yeast with acetate as the substrate (Wieland and 
Cl aren 1308, 1309)). The interpretation of theso observations is still in a state of con- 
troversy. Wieland thinks that the inhibitor blocks the catalyst so that oxygen cannot 
react with it (e.g. in the quinone inhibition of acotic acid fermentation) whilo Warburg’s 
school (Reid 973)) prefers to think of an interaction between the acceptors and the 
cell hemins, just as Warburg has conclusively demonstrated in the case of tho blood 
liemins (p. 82). According to this view the acceptor does not react directly with the 
substrate, at least not exclusively, but in the first place with the hemin and thereby 
initiate an acceptor respiration which is only slightly cyanide-sensitive. This fact is 
interpreted by Wieland as a replacement of the cyanide from tho catalyst surface by 
the acceptor, while, according to Reid, quinone reacts chemically with HON. It may 
also be that, conversely, the acceptor dehydrogenates tho substrate and hands on the 
hydrogen to the final oxidation system, either directly to the respiratory ferment or to 
cytochromo (see also Tanaka 1136)). Experiments with cells the structure of which 
has been destroyed cannot decide the question which of the two factors, permeability 
or reaction with cell hemins, is the more important one. The increase in effectiveness of 
methylene blue under these conditions may be due to facilitated access to the interior 
of the cell as well as to destruction of the hemin system which is known to be linked 
up intimately with tho cell structure. The methylene blue respiration of such cells is 
no longer cyanide sensitive (Meyerhof) (see also p. 108). 

Inspite of all theso complications significant differences with various acceptors 
when used in the same donator-catalyst system may be observed. A few examples may 
illustrate this statement (see also Wieland 1311) and Franke (l.c. 288), p. 210)). 
Firstly, there exists a general acceptor specificity since certain thermodynamically 
powerful acceptors *) are completely inactive in dehydrogenase systems, e.g. diethyl 

*) The striking observation that aliphatic oarboxyl groups are never acceptors in spontaneous 
processes has a thermodynamic reason. The dehydrogenation of aldehyde hydrate (CH(OH) g — 
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peroxide and potassium persulfate (Bertho 103 )). On the other hand, the resistance of 
disulfide groups towards dehydrogenases of acetic acid bacteria is a special case since 
the S — S group may be utilized as acceptor in other instances. That it is the affinity 
between acceptor and donator-catalyst system which matters is shown by the fact 
that the "main acceptor” methylene blue is not utilized at all in the deamination of 
amino acids though, according to recent energy data, it is thermodynamically permissible. 
It may be that we are faced here with structure-linked specificity since all preferred 
acceptors for amino acid hydrogen contain C = 0 groups (quinones, alloxane, isatin) 
(see also Franke l.c.288), p. 154). The new outlook with regard to acceptor specificity 
will probably help to reinterpret many biological observations, e.g. the fact that nitrates 
cannot always serve as acceptors for animal tissues and sulfates not at all, while both 
substances are utilized in this capacity by plant tissues and bacteria. 

It is not possible to speak in a mere qualitative sense of t.ho suitability of an accep- 
tor; wo are dealing with quantitative differences. It is to bo noted that thermodynamic 
relationships aro not the only ones to be considered. This may be concluded from the 
different effect of various dyes on the acceptor respiration (p. 108). Of courses thermo- 
dynamic questions play an important part. The well-known fact, for instance, that the 
classical "oxidases” (phunolasos etc.) react exclusively with 0 2 , is very probably duo to 
the inability of the usual acceptors to dehydrogenate these substances of very positive 
potential. That thermodynamics is not the only consideration is demonstrated by the 
example of the glucose oxidase of Muller which has exactly the same effect as the 
anoxy tropic glucose dehydrogenase of Harrison (formation of gluconic acid); but that 
reaction in contrast to the latter, occurs only with 0 2 , quinone and Certain dyes of high 
K' 0 , but not with methylene blue, nitrate, etc. (W. Franke and F. Lorenz, Lieb. Ann., 
532, 1 (1037)). 

In view of the importance of the subject some special examples of measurements 
with aldehydrases may he given here. The relationships in Ibis field are particularly 
intricate. First of all, the question of donator-specificity is still to be answered. It is as 
yet undecided, for instance, whether purine dehydrogenase and aldehydrase are identical, 
as is believed by the school of Hopkins, or whether they are different entities as Wieland 
maintains. In order to find out whether the aldehydrase and the xanthine dehydrogenase 
of milk are identical Wieland and Mitchell 1320) have studied the enzyme reaction 
with methylene blue and quinone as acceptors. The substrate was a mixture of xanthine 
and aldehyde. With methylene blue as acceptor the entire xanthine was dehydrogenated 
first and it was not until afterwards that the aldehyde was dehydrogenated. In the case 
of quinone the opposite is observed: 80 per cent aldehyde and 20 per cent xanthine are 
attacked. This demonstrates that the combination between enzyme' and substrates is 
markedly affected by the acceptor. In presence of methylene blue the active center of 
the aldehydrase is blocked by xanthine and becomes available only after the latter is 
dehydrogenated. This is not the case with quinone. It is probable, however, that these 
results are vitiated by the methods used. 

Another example is tho aerobic dehydrogenation of acetaldehyde by yeast pre- 
viously freed from reserve substrates by aeration. Hero, the acceptor function depends 
on tho donator concentration. In concentrated aldehyde solution the chief acceptor is 
again aldehyde; dismutation is the result. In dilute aldehyde solution acetic acid is 
formod by tho acceptor 0 2 . With acetic acid bacteria, the predominant process is the 

(COOH + H 2 ) proceeds with a loss in free energy (p. 11) so that the hydrogenation of COOH to 
CH(OH) a would represent an endo thermal reaction (see Table on p. 53). 
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dehydrogenation at any substrate concentration (Wieland et al. 1305, 1308, 1309)). 
As has already been mentioned, the situation is complicated by the fact that not 0 2 
but "hemin oxygen” acts as acceptor in this organism. This same holds for the experi- 
ments by Reichel 968) who found a decrease in dismutation upon adding indophenol 
oxidase or quinone. Reichel claims that aldehydrase will react with 0 2 only in presen- 
ce of the yellow enzyme. 

In tho caso of plant enzymes nitrate reduction and dismutation proceed in entirely 
different fashion (Michlin 832)). Methylene blue is hardly utilized. While the dehydro- 
genase from potatoes does not act as mutase, the corresponding enzyme in peas acts 
almost completely as mutase. On tho other hand, the potato aldehydrase is so sensitive to 
oxygen that Bernheim 98) was unable to decide whether it may utilize 0 2 as acceptor. 
Dixon 216) has succeeded in separating the mutase and aldehydrase from each 
other. 

Also in the dehydrogenation of alcohols by bacteria differences aro found with 
respect to various acceptors and donators; for results on acetic acid bacteria the review 
paper by Bertho 104) and with respect to butyric acid bacteria that of Wieland and 
Sevag 1326) should be consulted; tables are found in Franke (288), p. 212)). For 
instance, ethyl alcohol is not dehydrogenated by quinone, but methylene blue or oxygen 
may serve as acceptors. The ratio for iso-butyl alcohol (and similarly for iso-propyl 
alcohol) is, 0 2 /quinono/methyleno blue = 52/112/5000; for propyl alcohol all three accep- 
tors aro equally well suitable. For an account of the strange choice of acceptors by anaero- 
bic vibrios which dehydrogenato ethyl alcohol to acetic acid with the aid of sulfate, see 
Baars 49). 

These differences between tho various acceptors led Woolf 1345) to develop the 
conception of the general necessity of substrate-enzyme-acceptor complex formation. 
Bertho 103) has developed these ideas further for the case of the dehydrogenase of 
acetic acid bacteria and he has applied it to tho ScHARDiNGER-enzyme. His kinetic 
considerations show that the conclusion drawn on tho basis of free acceptor choice, 
namely, the linear dependence of turn-over on acceptor concentration, at optimal donator 
concentration, is not correct, but that there exist much more complicated relationships. 
The kinetic data favor unquestionably the view of a specific linkage, acceptor and 
donator and tho enzyme thus forming a tornary system. 

According to this view molecular oxygen can be hydrogenated only if it is bound by 
the catalyst. 

Tho theory of the acceptor specificity is not limited to oxygen but has a far more 
extendod range of validity. It may bo applied to peroxidase action. Wieland’s view 
that peroxidases are phenol dehydrogenases with acceptor specificity for H 2 0 2 has gained 
a high degree of probability. Haber and Willstatter 437) accept this point of view 
which previously was not shared by Willstatter 1336, 1338). Mann 753) attempts 
to explain the phenomena of peroxidase action on the basis of acceptor specificity or of 
a system substrate-peroxidase-H 2 0 2 respectively. 

The concept of invariable acceptor specificity leads directly to the modern idea 
that the enzymes of preparatory desmolysis, i.e. the dehydrogenases, must be redox 
systems themselves. In the case of the yellow enzyme or of the pyridine containing en- 
zymes this has already been experimentally verified. The oxidized form of the enzyme 
represents the acceptor combining with the substrate, the enzyme in turn combines 
with the following acceptor which may again be an enzyme or a non-enzymatic metabolic 
intermediate (p. 87). 
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Above all the recognition of the acceptor specificity makes it possible for Wie- 
land’s school to agree with the main postulate of Warburg that his enzyme hemin which 
has the rare property of being truly autoxidizable is essential for the complete combustion 
of metabolites in respiring colls. 

2) Development of Warburg’s Theory. 

In contrast to Wieland, Warburg did not develop his theory on the basis of model 
reactions but on that of his findings in the field of cell respiration. His main postulate has 
been from the very beginning that molecular oxygon never reacts directly with meta- 
bolites in respiring cells but only via the autoxidizablo iron nucleus of the respiratory 
ferment. The inhibition of respiration by minute amounts of hydrocyanic acid (< 0.0001 
M.) was explained by complex formation with this iron. The question as to how the 
oxygen is activated by the iron was relegated to the background. Warburg spoke of a 
“higher oxidized form of the iron” which is formed from Fe + + by oxygen and which after 
reacting with the substrate is changed back into Fe + +. Later, he no longer spoke of an 
“activation” but of a transfer of the oxygen. He is of the opinion that a substance is in 
active state if it reacts. Only indirectly from the known facts concerning the old peroxide 
theories could it be surmised that Warburg did not refer to Fe* f + + when speaking of 
higher oxidation stages of iron but to some kind of peroxide in the sense of Manchot. 
After his own experiments had demonstrated that Fe + + + is not inactive if it is contained 
in a certain complex linkage but that it is reduced by organic “activated” molecules 
did Warburg identify this higher stage with ferric iron. When viewed in this light, the 
catalysis does not begin with an activation of oxygen but with a reduction of ferric to 
ferrous iron. It could no longer be disputed that hydrogen is transferred in this catalysis. 
The reduction of tho ferric iron corresponds to a dehydrogenation of the substrato. 
Subsequently, Warburg has discovered the participation of hydrogen transferring en- 
zymes in this catalysis (p. 48). 

Since we are dealing with a cyclic reduction and reoxidation of iron, we cannot 
designate either of them as the “beginning” of the catalysis. Since Warburg 1261) 
found that in respiring cells the rate of oxygen uptake is practically independent of the 
outside oxygen pressure (down to 10 ~ 5 atm. 0 2 ) he assumes that the iron is preponderantly 
present in the higher oxidation form, as Fe + + + which has been formed by the reaction 
of the Fe + + (produced by reduction) with 0 2 via the short-lived oxygenation product 
Fo + + * • • 0 2 (corresponding to oxyhemoglobin). Tho factor determining tho rate in this case 
is the reduction of the ferric iron by the metabolites. The intermediary existence of a 
true ferrous peroxide is no longer held probable (Reid 974, p. 841). According to the 
equation 

2 > Fe 11 + 2 H 2 0 + 0 2 = 2 > Fe m .OH + H — O— 0— H 

the oxidation of the ferrous stage should yield hydrogen peroxide. Warburg has not 
particularly stressed this point but he has not denied it. His collaborator Reid 972) has 
actually identified II 2 0 2 formed during the copper catalysis of leucomethylene blue 
oxidation. Thereby another controversial point has been removed from discussion. 
Only as long as Warburg assumed that tho “higher oxidation stage” of iron yields 
“active” oxygen, did he have to deny the formation of H 2 0 2 . It has been indicated above 
that very probably H 2 0 2 does appear during the catalysis and that the failure to detect 
it in most cases is due to its rapid removal by iron catalysis. 
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The Hemin Ferment of Warburg. 

All these modifications of the original theory have boon developed by Warburg 
himself in the course of his work on the “oxygen transferring enzyme of respiration” 
or "hemin ferment”. The fundamental observation which led to the trail of this enzyme 
was the discovery that tho carbon monoxide inhibition of respiration is light-sensitive 
1221). This suggestod tho close relationship of tho enzyme to tho blood hemins the CO 
complexes of which for some time wero known to dissociate reversibly in strong light 
(Haldane and Smith). The ingenious method employed by Warburg in the indirect 
determination of tho absorption spectrum of the hemin ferment (' ‘photochemical effi- 
ciency spectrum”) rests on this observation. He was able to show that by far the largest 
fraction of cell respiration is carried out via this complex iron system. Tho great impor- 
tance of this work is not impaired by Warburg’s more recent discovery of an iron-free 
respiration which may occur under special conditions, especially when the iron system is 
lacking. We refer to the yellow enzyme which catalyzes a true acceptor respiration by 
an organic autoxidizable system without the participation of heavy metal. The des- 
criptive chemistry of the hemin enzyme will be taken up later. Here it may suffice to 
say that it is a pyrrol-iron compound somewhat similar to blood hemin but containing 
more oxygen; it is a pheohemin which is also related to chlorophyll. Like all hemins it 
contains ferric iron which upon reduction is transformed into the heme stage, with Fe + + . 
This is the physical explanation for its catalytic action (Warburg 1233)). 

This particular hemin is contained in a special linkage. It is not simply combined 
with a colloid bearer protein but it is linked to the structure of the cell. The respiration 
of the cell is a function of its structure and is abolished upon cell death. This situation 
prohibits a chemical isolation of the enzyme by ordinary methods. It is to this linkage 
that the enzyme owes its enormous activity which is estimated to correspond to a turn- 
over of 10 B molecules of substrate per second by one enzyme molecule. Oxidase function 
is found even in the common blood hemin. But whereas the latter, in the absence of a 
specific bearer, like other complex Fe salts exhibits some peroxidatic and catalatic 
activity bosides oxidase function tho oxidase property is found highly specialized and 
tremendously increased in the respiratory ferment. This “activation” enables the 
minute traces of ferment hemin in the cell (10 ~ 7 M) to take care of the respiratory 
requirements. 

The reaction of the enzyme with the well-known respiratory inhibitors permitted 
Warburg and his colleagues (1234, 1277, 1280)) to demonstrate the valency change of 
the iron of the ferment with the spectroscope (in acetic acid bacteria). The non-inhibited 
enzyme will show a characteristic shift of the absorption bands when oxygen admission 
is restricted (reduction of the enzyme by metabolites) and when oxygen is readmitted 
(reoxidation). The long-wave absorption band of the ferric form is in the red region 
(639 m/x) and that of the reduced form is in the yellow region (589 m^) (For criticisms 
of these findings see p. 149). 

The type of inhibition points to the existence of two valency stages: HCN inhibits 
the reduction, not the oxidation of the enzyme, while CO inhibits only the oxidation. 
Both valency stages may be stabilized by these inhibitors. 

The unstable intermediate oxygenation stage may also be spectroscopically obser- 
ved. Upon saturation of a suspension of bakers yeast with oxygen a band is seen in the 
yellow region; it disappears upon removal of the oxygen by the respiration. If the 0 2 
uptake is inhibited by cyanide poisoning the band in the yellow remains visible. 

The same spectroscopic observations yielded the very important result that the 
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ferment hemin, of all cell hemins, is the only autoxidizable system. Keilin’s 640) 
cytochrome is not autoxidizable in the physiological ph-range. 

Cytochrome, like the respiratory ferment, is a hemin system. It represents a mixture 
of three components (a, b, and c) one of which, cytochrome c, contains a hemin group 
closely related to protohemin in combination with a bearer protein more basic than glo- 
bin (Zeile, 1372a)). Keilin himself has observed that cytochrome c alone is not aut- 
oxidizable; its oxidation is accomplished by a special “oxidase” which was originally 
identified by Keilin as the well-known, more or less structure linked, indophenol 
oxidase. Today, both Warburg and Keilin agree that the oxidase is identical with the 
respiratory ferment. If the entire hemin system of the cell is poisoned in reduced state 
by HCN, upon admittance of oxygen the absorption band of tho ferrous form of the 
respiratory ferment in the yellow is shifted to red while the absorption band of the 
reduced cytochrome in the green remains unchanged. The oxidation of cytochromo is 
inhibited by HCN because the ferric form of the respiratory ferment is blocked by 
HCN and is therefore unable to oxidize cytochrome (Warburg). For an analogous 
reason the oxidation of tho cytochrome is also inhibited by CO; here, the ferrous form 
of the respiratory enzyme is blocked by the poison. Cytochrome proper does not react with 
carbon monoxide within the physiological ph-range; it will do so only in strong alkaline 
solution, around ph 12 (Keilin 640)). 

The New Schema of Cell Respiration. 

The interpretation of the relationship between the cytochromes and the ferment 
hemin by Warburg and by Keilin is another step towards a reconciliation with Wie- 
land's theory. Inasmuch as the respiratory ferment alone is autoxidizable, the cyto- 
chromes can represent only carrier systems. They carry the labile hydrogen of the 
substrate to the respiratory ferment. They deserve equally well the namo “hydrogen 
transporting systems” (Tiiunberg); we propose here the term Meso-cataly sts”. 
The fact that cytochrome contains iron does not matter. 

That iron may participate in anaerobic processes had previously been found in 
Warburg’s laboratory (see Toda, 1177)). Warburg has studied the question of heavy 
metal catalysis in fermentation (p. 71). The over-all fermentation is sensitive to HCN 
and H 2 S but not to CO. The assumption is made that the metal in these instances trans- 
fers “bound”, not free, oxygen (1223)). It is still an open question as to what extent 
dehydrogenating heavy metal systems participate in vital anaerobic processes (p. 71). 
In any case, it is worthy of consideration that a cyanide-resistant, hemin system, 
cytochrome, is not directly but only indirectly concerned with catalytic oxidation. 

The new schema of Warburg, proposed in agreement with Keilin, as put forth for 
the case of acetic acid bacteria (1280)) is as follows: 

O a ->Fe++ — Fo+++->Fa++ — Fe + + + ->Fe + + — Fo + + + ->Fo+ + — Fe + ++-> 

~ f 2 3 4 

Intermediate Enzymes -> Alcohol. 

The redox potential in this chain is increasingly positive from right to left. The hy- 
drogen will, consequently, go from right to left in accordance with the potential slope. 
When it has reduced the first cytochrome component (2) it is taken over by the respi- 
ratory ferment (1) and finally offered to the oxygen. Warburg’s collaborator Haas (430a) 
has shown that in the actively respiring yeast cell the entire respiration goes through 
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this chain. The scheme might, therefore, be written just as well in tho following 
form: 

Donator — > Dehydrogenases as acceptors — > Cytochrome I — ► Cytochrome II 
— > Cytochrome III — > Hemin Ferment of Respiration — >- Oxygen. The order in which 
the three cytochrome components are linked in the chain is still not definitely settled. 
Recent experiments by Ball 58b) and others indicate that the order is: 0 2 -<— Respiratory 
Ferment ■<— Cytochrome a ■<— Cytochrome c <— Cytochrome b 

According to its donator specificity, and in accordance with Wieland’s terminology, 
the hemin ferment of Warburg might be called an oxytropic dehydrogenase of cyto- 
chromo III. Since there is no longer any differentiation between dehydrogenases and 
oxidases, the hemin ferment might also be termed cytochrome oxidase (Thunberg). 

The Yellow Enzyme and the Hydrogen Transferring Enzymes. 

Tho yellow enzyme which has recently been discovered by Warburg is a metal- 
free respiratory system capable of roacting with molecular oxygen. It shares the property 
of being reversibly oxidizable and reducible with a good number of other biological 
systems; like the respiratory ferment it is autoxidizable. It may therefore act as the first 
catalyst in a respiratory chain just like other quinoid dyes, o.g. methylene blue or 
pyocyanine (p. 108). 

The way to this discovery has been paved by a number of isolated observations on 
cyanide resistant respiration systems. We quote as examples the respiration of tho alga 
Chlorella in media lacking sugar (Warburg), the small respiration of facultative anaerobic 
bacteria (Meyerhof and Finkle) and other, loss certain observations on cyanide 
resistant residual respiration (p. 200). Warburg 1230) had found such a respiration in 
Lebedew juice from bottom yeast. Thero are also his observations on red blood corpuscles 
treated with phenyl hydroxyl amine (1264)). Such cells are capable of burning additional 
glucose with the aid of tho redox system hemoglobin-methemoglobin (p. 82). The most 
interesting feature of this phenomenon is the fact that glucose is oxidized by methemo- 
globin only in living cells but not by the isolated pigment. We havo to conclude that 
previous to being attacked by mothomoglobin the substrate must be activated by an 
agent produced by the cell. If the treated blood corpuscles are laked (1237)) glucose is 
no longer utilized. However, the catalysis may proceed with hexose monophosphate as 
the substrate. 

Still more information was obtained by experiments with untreated red cedis. If 
normal erythrocytes are hemolyzod and if the stromata are centrifuged off, the clear 
supernatant fluid will not attack glucose. Hexose monophosphate is likewise not oxidi- 
zed by this systom in presence of oxygen. However, if methemoglobin or methylene blue 
are present this substrate is burned. By adsorption on aluminium hydroxide gel a catalyst 
is removed from the system thereby rendering it inactive towards hexose monophosphate 
even in presence of methemoglobin or methylene blue. Warburg has found that this 
“activator” consists of an enzyme (“Zwischonferment”) and a coferment. Both may be 
obtained separately from red blood colls. By using a sufficiently high concentration of 
these two substancos hoxoso monophosphate may be oxidized by molecular oxygen 
without adding any other acceptors (methemoglobin, methylene blue). The catalysis 
by this water soluble, hemin-free system is resistant both to HCN and CO. In contrast 
to the enzyme the coenzyme is comparatively heat stable. Soon afterwards Warburg 
discovered, in addition to these two catalysts, a thermolabile substance occurring in 
blood cells and, in fact, in any cell yet examined which supplements tho “zwischen- 
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ferment”-coferment system to yield a complote, iron-free, respiratory chain capable 
of reacting with molecular oxygen. The isolation of this new substance from bottom 
yeast (Lebedew juice) led to its chemical characterization (1239, 1240, 1242, 1243, 1214)). 
It has become known under the name “ ‘yellow oxidation enzymo”; it is the combination 
of the phosphoric acid ester of lactoflavin (vitamin Bg) with a protein bearer (p. 190). 
It represents a reversible redox system the oxidized form of which cannot react directly 
with liexose monophosphate but only with the intermediary participation of the auxiliary 
fermont system “Zwischenferment-coferment”. The latter has since been shown to be a 
pyridine nucleotido (Warburg). There exists a specific interaction between the reduced 
form of this pyridine ferment and the oxidized form of the yellow enzyme which maybe 
classified as oxytropic dehydrogenase (1158)). The reoxidation of the reduced yellow 
enzyme by oxygen yields II 2 0 2 . It does not react with HCN or CO. The reduced enzyme 
may react not only with 0 2 but also with isolated cytochrome c (1159)) and with methy- 
lene blue. 

Warburg 1237) has emphasized the fact that in actively respiring cells tho yellow 
enzyme cannot compete successfully with the hemin fermont; the latter reacts at a much 
greater rate with 0 2 . The main function of the yellow enzyme in such cells is very pro- 
bably concerned with hydrogen transfer in the preparatory, anaerobic phases (p. 87). 
Theorell 1158) has demonstrated that the yellow enzymo, at the partial 0 2 pressure 
existing in tissues, can bo directly oxidized to only a very small extent; probably only 
a minute fraction of cell respiration takes place via the flavin enzyme (p. 265). 

On the other hand, whore the ferment hemin is lacking the yellow enzymo may 
replace it, e.g. in certain bacteria. This is only possible for short periods since II 2 0 2 is for- 
med and these bacteria are devoid of catalase. This is the reason why Warburg hascalled 
the oxygen uptake by these facultativo anaerobic organisms an “unphysiological res- 
piration”. Ho has demonstrated the presence of the yellow enzyme in these bacteria 
by spectroscopy (1244, 1246)) and he has proved that in Bertiio’s experiments with 
facultative anaerobic lactic acid bacteria the enzyme is responsible for the entire respi- 
ration. The failure of Bertho to detect H 2 0 2 as a product of yellow enzyme catalysis 
and to find the theoretical amount of H 2 0 2 in presence of HCN is explained by Warburg 
as due to the presence of catalase (p. 265). Warburg (1277)) also takes the view that the 
small and cyanide resistant respiration of Chlorella in sugar-free medium is caused by 
this enzyme. The same appears to hold for the residual respiration observed in mammalian 
tissues after HCN poisoning and in hemin free Lebedew juice (p. 265). The respiration 
caused by the yellow enzyme is a striking instance of a biological acceptor respiration. 

The “Pyridine” Ferments. 

Of late, Warburg 1234) has emphasized that the combination hemin ferment- 
oxygen, does not suffice to react with the substrate but that the substrate must pre- 
viously be “activated”. This activation is achieved by enzyme systems which are iden- 
tical with Wieland’s dehydrogenases. The “zwischenferment”-coferment. system of 
Warburg and Christian 1239), for instance, is an anoxy tropic hexoso monophosphoric 
acid dehydrogenase. It may be supplemented either by the yellow enzyme or by the 
hemin ferment. The components of this dehydrogenase system have recently been isola- 
ted by these workers (1255)) from yeast and from blood cells. The “zwischenferment” 
is nothing but tho protoin bearer while the “coferment” is the prosthetic group of the 
enzyme. The individual components are inactive (Negelein and Haas 882)). Harden- 
Euler’s Cozymaso, according to independent work by Warburg and by Euler, 
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is chemically closely related to the coferment of the hexose phosphate dehydrogenase. It 
appears that combinations of varying specificity may be formed by the combination of 
the same coenzyme with different protein bearers and also by that of different coen- 
zymes with the same protein (p. 212). 

We see that Warburg and Wieland, on the basis of their own recent experimental 
contributions, have reached almost complete agreement on the more important features 
of biological oxidation. Their views and individual theories have merged to yield a 
unitary theory which is capable of explaining satisfactorily the known facts and which 
appears equally suited for extension to encompass the discoveries of the future. 


III. Theory of Chain Reactions. 

In outlining their theory of oxidation processes, Haber and Willstatter 437) 
have ondcavoured to consider not only qualitative but also quantitative problems as 
relating to energetics and kinetics. The two outstanding features of their theory are the 
assumption of transfer of unpaired hydrogen atoms (as contrasted to the usual dehy- 
drogenation equations considering only transfer of pairs of H atoms) and the assumption 
of reaction chains propagated by the free radicals produced by monovalent dehydro- 
genation. Inasmuch as these chains, once started, will go to completion without furthor 
participation of tlio catalyst this theory would help to explain the misproportion between 
reaction rate and mass of tho catalyst. Kuhn 648) has estimated that in the case of the 
liemin containing enzymes (respiratory ferment, catalase, peroxidase) ono enzyme mole- 
cule will promote the reaction of 10 6 molecules of substrate (H 2 0 2 and 0 2 respectively) 
per second. 

The point of origin of the theory is the inorganic model reaction involving the “autox- 
idation” of sulfite by copper catalysis which had boon studied by Franck and Haber 
351a). The chain is started by the reaction: 

S0 3 - + Cu + + + H 2 0 = S0 3 H + Cu+ + OH- (1). 

* 

The freo radical S0 3 II (monothionic acid) sets up a reaction chain: 

S0 3 H + 0 2 + H 2 () + S0 3 " = 2 S0 4 ” +OH + 2H+ (2). 

OH + S0 3 “ + H+ = OH- + S0 3 H (8). 

a 

Tho second free radical, produced without the catalyst, is the uncharged OH which 

a 

reacts with fresh sulfite ion to form the first radical, S0 3 H (equation (3)). The net 
result of the process is the oxidation of sulfite to sulfate by oxygen. The chain breaking 

a 

step consists in occasional collisions between two S0 3 H radicals leading to formation 
of dithionic acid, H 2 S 2 0 6 . The cuprous copper formed in reaction (1) is reoxidized by 0 2 
to cupric ion (regeneration of the catalyst). 

The application of the general scheme of this inorganic model to organic reactions 
and organic catalysts (enzymes) encounters no theoretical difficulties. There is, for 
instance, the dehydrogenation effected by hemin complexes containing ferric iron. The 
reaction with aldehyde would be as follows: 

CH3CHO + Fe ++ + = CH3CO + Fe++ + H + 


(4). 
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The symbols Fe +++ and Fe ++ stand for the enzyme and the monodosoxyenzyme 
respectively. 

It will be seen that, at variance with the original scheme of Wirt, and, the mono- 
valent dehydrogonation yielding tho free radical does not require a previous hydratation 
of the donator, in this case CH 3 -CH(0H) 2 . The H + combines with the anion lost by the 
Fe in the reduction. The main links of tho ensuing chain reaction with the participation 
of 0 2 would be: 

CH 3 -C0 + CH 3 CH0 + 0 2 + H 2 0 = 2 CH 3 C00H + 0H + H 2 0 (5) 

OH + CH 3 CHO = CH 3 CO + HaO (6). 

There may exist intermediary peroxides in this reaction (Backstrom 56), Bocken- 
MiiLLER 129)). 

In anaerobic acceptor dehydrogenations, the place of 0 2 is taken by the organic 

t 

acceptor; consequently, instead of OH a corresponding organic radical is produced in 
the chain reaction. 

The dismutation of aldehyde to alcohol and acid (CANNizzARO-reaction) is formulated 
in the following manner: 

CH 3 -C0 + HOH + CH 3 CHO = CH 3 -COOH + CH 3 -CHOH (7) 

CH 3 -CHOH + CH 3 CHO = CH 3 -CHaOH + CH 3 CO (8). 

The dehydrogenation of the donator by a quinoid dye as acceptor is given as: 

CH 3 CO + HOH + quinone = CH 3 -COOH + meri-quinone *) (9) 

Meri-quinone + CH 3 CH0 — CH 3 CO hydroquinone (10). 

The chain length is of the order of 10 5 links. A different formulation of the intermediary 
radicals has been proposod by Kenner 561). 

Analogous reactions are assumed to occur in non-enzymatic heavy metal catalysis, 
o.g. in the so-callod autoxidation of benzaldehydo (p. 128) or in its dismutation. In both 

* 

reactions the same radical, C 6 H 6 CO, is supposed to be formed; it reacts subsequently 
according to equations (5) and (7) respectively. Whether, in fact, these non-enzymatic 
reactions represent heavy metal catalyses (Kuhn 652), Haber 434)) is, according to 
recent experiments by Wieland 1323, 1324), not quite decided (p. 123). The catalatic 
activity of Fe++ has also been explained by Haber and Weiss 157) in terms of a chain 

* j' 

reaction with the radicals’" OH and OOH. A similar interpretation of various other 
model reactions has been discussed by Franke (288), pp. 201, 2G2). 

Quantitatively, these reaction chains are supposed to cause the main bulk of the 
substrate turnover while the initial step involving the enzyme itself is only important 
as the chain starting process. In order to be able to start another reaction chain the cata- 


*) While Haber and WillstAtter assume that a meri-quinone (hybrid molecular compound 
between quinoid and benzoid form) is produced in this monovalent hydrogenation of the acceptor, 
this may be thought to be replaced by a semiquinone (free radical) in accordance with the theory of L. 
Michaeus (p. 100). Suoh a change would necessitate no modification of the scheme for the ohain 
reaction. 
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lyst must be regenerated in the oxidized form. In the presence of oxygen this is achieved 
by autoxidation (transfer of H+ + e to 0 2 , formation of H^Og). In the case of organic 
acceptors the desoxy-enzyme is directly dehydrogenated to the fully active enzyme. 
According to Weiss 1289) the concept of reaction chains is also able to explain the em- 
pirically established relationship between redox potential and rate of reaction. The 
reoxidation of the reduced form of the catalyst by 0 2 may also involve an induced 
oxidation of a substrate equivalent (X): 

Fo++ + HOH + X + 0 2 = Fe+++ + OH- + OH + XO. 

Peroxidase and Catalase action are formulated by Haber and Willstatter in a 
similar manner. In the former case the onzyme will react first with a polyphenol molecule: 

/\> 

+ Fe++ + H+ (11). 

\/°H 

OH 



OH 


The subsequent roaction chain is depicted in equations (12) and 18): 


^0 


/V=o 



+ H 2 0 2 

= 

+ OH + H 2 0 

\/°H 

OH 


\/=° 

OH 


^OH 


/\) 



+ OH 

== 

+ h 2 o 

\/OH 

OH 


\/OH 

OH 



( 12 ) 


(13). 


For the catalatic reaction the following scheme is proposed: 

H 2 0 2 + Fe +++ — 6 -OH + Fe ++ + H + (14) 

6 -OH + HjOg = 0 2 + OH + HjO (15) 

OH + H 2 0 2 = H 2 0 + 0 -OH (16). 

The experimental evidence for the unusual stability of the forric form of catalase 
and against an intermediary reduction of this form in the course of the enzyme reaction 

has led to the proposal of a somewhat different scheme (Stern 1073 )): 

Hj 0 2 + Fe+++— >[Fe+++-H 2 0 2 ]— >-Fe+++ + 2 OH (17) 

OH + HA = H,0 + 6 OH (16) 

6 OH + H 2 0 2 = 0 2 + OH + HaO (15). 


According to this hypothesis, the primary step would consist in the intermediary for- 
mation of an enzyme-substrate compound containing ferric iron and of its breakdown 
into the free enzyme and two uncharged hydroxyl radicals. An intermediate of this 
type has recently been observed spectroscopically in the catalase-monoethyl hydrogen 
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peroxide catalysis (Stern 1085)). The subsequent alternating chain links would be the 
same as those postulated by Haber and Willstatter, but in reverse order. 

There exist some obvious objections against the chain theory which have, in part, 
already been discussed by Haber and Willstatter. The energetics and kinetics of 
the catalytic primary reaction especially are still rather obscure. After a consideration 
of the rather uncertain energy values concerned, Franke (288), p. 261) concludes 
that, at standard concentration, the process should actually run in the reverse direction. 
Only under special conditions of concentration ratios of the reactants the reaction should 
proceed as postulated. The kinetics of the reactions, too, may be reconciled with the 
theory only with difficulty. Aside from such important objections against the primary 
reaction, the concept of the reaction chains propagated by free radicals has likewise been 
criticized. 

Richter 981) favors the substitution of “onergy chains” of the typo first described 
by Christiansen for tho radical chains. An energy chain is propagated by energy 
transfer from activated product molecules to fresh substrate molecules. The objection 
made by Willstatter, namely, that the energy should be dissipated and lost by collisi- 
ons with tho solvent molecules has been met by Richter by the reasonable assumption 
that the energy transfer is rather specific. 

It has been pointed out by Haldane 442), Bertho 105), and Franke 288), 
p. 200) that the idea of radical chains, at least in tho form proposod by Haber and Will- 
statter, conflicts with the observed specificity of the enzyme reactions. If the enzyme 
drops out of the reaction after tho first step and if the substrate turnover is mainly 
brought about by means of tho free radicals which are supposed to be identical in various 

types of processes (OH figures in the schemes suggested for oxidase, peroxidase, and 
catalase reactions), ono is unable to account for tho specificity of the enzymes concerned. 
Furthermore, Haldane fails to see how tho chain reaction concept may explain the 
known relationships between enzyme concentration and substrate turnover. If each 
primary reaction between an enzyme molecule and a substrate molecule initiates a long 
reaction chain yielding many product molecules, an increaso of the catalyst concen- 
tration should produce an exponential increase in product molecules rather than a pro- 
portional increase (linear relation) as is actually found to be the case within certain 
limits of enzyme concentration. 

Schwab and his collaborators 1010) have attempted to obtain experimental evidence 
for or against the chain character of the catalatic reaction by studying its inhibition by 
small concentration of certain reagents which are supposed to act as chain breakers due 

* 

to thoir reaction with intermediary radicals, especially with OH, and by comparing 
the extent of inhibition thus produced with that obtained in processes which are gene- 
rally considered to be chain reactions (e.g. styrol polymerization and benzaldehyde 
aut oxidation). Tho result of this investigation was inconclusive and the authors leave 
the question open as to whethor the radicals propagating the hypothetical chain may 
not differ in the reactions studied. 

If the radicals formed in the various processes were chemically different the chain 
theory would not conflict with the facts known concerning the specificity of enzyme 
reactions. Howover, the established relationships between enzyme concentration and 
substrate turnover would still be an objection to the chain mechanism. It should be poin- 
ted out, though, that these relationships are still rather obscure in the case of many 
enzymatic processes. 
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A further important objection, raised by Haldane, is that all known chain reactions 
occur in homogeneous systems while the size of the enzyme molecules renders the enzyme 
reactions microheterogeneous. This question is related to the problem as to whether the 
reaction chains, if there are any, assume a considerable individual length or whether they 
are stopped in an early stage. This is especially pertinent in those instances where two 
OH radicals might combine to form II 2 0 2 . This type of chain breakage is observed to a 
large extent in the simple catalytic oxidation of hydrogen by oxygen at surfaces and 
must therefore also be considered in biological surface reactions with the participation 
of enzymes. Bertho 105), (p. 745) stresses the fact that in enzyme reactions all of the 
oxygen which is used up is frequently converted into hydrogen peroxide. This would 
mean that the reaction would proceed completely according to equation (5) (p. 45) and 
that equation (6) would be eliminated due to the disappearance of the OH radical by 
dimerization so that tho chain would bo stopped. 

On the other hand, a chain might conceivably be stopped by the combination of 
two organic radicals; this offers interesting possibilities concerning biochemical syntheses. 
It is known, for instance, that in the course of fermentation and also at other occasions 
there are formed acetoins from aldehydes in statu nascendi. This has been explained by 
Neuberg as being due to a special enzyme, carboligase. Dirscherl has thrown 
doubt on this explanation. The synthosis could be explained without difficulty by the 
Haber-Willstatter theory on tho ground of combination of the two radicals postulated 
by equations (7) and (8) leading to breaking of the chain and acetoin formation: 

CH 3 -CO + CH 3 -CHOH = CH 3 -CO-CHOH-CH 3 . 

The problem of the reality of the chain reaction mechanism has recently again been 
attacked by Gerendas 397) in the course of investigations by Szent-Gyorgyi and his 
collaborators 65) on tho mechanism of dehydrogenative autoxidation. The special case 
chosen for scrutiny was that of tho oxidation of sulfite by heavy metal which has served 
as the starting point of Haber and Willstatter’s comprehensive theory (seo p. 44). 
The two alternatives between which Gerendas tried to obtain a decision are: 1) the 
metal catalyzes the oxidation of every molecule of the substrate and 2) the metal starts a 
reaction chain which continues without further participation of tho metal and causes 
the oxidation of many substrate molecules until it is terminated by a chain-breaking 
step. If the entire oxidation is mediated by the metal, the rate of alternating oxidation 
and reduction of the iron or copper (“Wechselzahl”) must be comparable to that of the 
autoxidation of tho sulfite. The rate of oxidation of tho iron is rapid compared with that 
of the reduction. The latter may be determined with the aid of a, a'-dipyridyl. The ex- 
periment shows that the velocity of the autoxidation of the sulfite and that of the re- 
duction of tho iron are of the same order of magnitude. Inasmuch as the total autoxidation 
may be accounted for by the oxidation-reduction cycle (“ Wechselzahl”) of the metal, 
GerendAs and Szent-Gyorgyi consider tho chain hypothesis to be ruled out. Although 
this may be correct for the cases here reinvestigated, other processes, such as the catala- 
tic reaction, may still be chain reactions. 

Antioxidants and Inhibitors. 

The inhibiting action of certain organic substances, especially phenols, on oxidative 
processes is probably due to their property to break off reaction chains. Moureu and 
Dufraisse 836 — 840) who did the pioneer work in this field, have extended their ex- 
periments to various other classes of chemical compounds, notably nitrogen containing 
substances (837)). 
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The antioxidative efficiency, according to Matill 759), depends on the number and 
the position of the phenolic hydroxyls: o- and p-compounds are inhibitors while m-isomers 
are inactive; a-naphthol but not jS-naphthol inhibits. The mechanism of the inhibition 
of oxidation by such compounds as proposed by Moureu and Dufraisse is essentially 
based on the old scheme of Engler and depicts these processes as induced reactions. 
This may hold for the case of the various inorganic systems where it has been tested 
experimentally, but it appears rather unlikely for biological processes. While Moureu 
and Dufraisse incorporate HCN in their list of antioxidants (837)), thero can hardly 
be any doubt that its specific action is due to a different typo of mechanism (p. 73). 
It is quite possible that the same inhibitor specifically blocks certain oxidation processes 
in vivo while it does not affect othors; it might thus act as a regulator. Epinephrine, for 
instance, will promote tho decomposition of amino acids in its quinoid form (p. 105) 
while it strongly inhibits tho autoxidation of unsaturated fatty acids (Franke 354)). 
Some sulfhydryl compounds (glutathione, cysteine, thioglycolic acid) which ordinarily 
promote dehydrogenation reactions as intermediary catalysts, will inhibit other oxidations, 
e.g. the reoxidation of leuco methylene blue with copper as catalyst, by virtue of com- 
plex formation between the Cu ions and tho SH-groups (Schoberl 1030)). De Caro 
163) interprets the inhibition of tho oxidation of fatty acids by thyroxin as a com- 
plex formation of this type. On the other hand, iodine compounds have been found to 
bo typical chain breakers (Franke (l.c. 288), p. 200)). 

It may be, then, that the inhibitors stop reaction chains by using up free radicals 
and thereby becoming oxidized themselves. This aspect is discussed by Euler (l.c. 288), p. 
260). According to Kichter, energy chains might transfer tho excess energy to the in- 
hibitor molecules and thus be terminated. In accordance with this view only such sub- 
stances may function as inhibitors which are unable to transfer the absorbed activation 
energy to other substrate molecules (Bodendorf 130)). For tho theory of the anti- 
oxidants the papers by Perrin 920), by Dupont 225), and by Milas 833) should be 
consulted. 
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C. The Phenomena of Oxidative Catalysis. 


I. Energetics and Potentials. 


On the Energetics of Hydrogenation and Dehydrogenation: Let us begin with some 
fundamental questions relating to thermodynamics. Until a few years ago affinity re- 
lationships in hydrogenation processes had to be discussed on the basis of boats of reaction, 
Q, as calculated from tliermochomical data, because there wore no determinations 
of free energy changes, A F, available at that time. Since then substantial advances 
have been made. With the aid of entropy determinations instituted largely by 6. N. 
Lewis and his school, the free energy change, A F, may be calculated from the heat 
of reaction, A H, and the entropy change, A S, by means of the equation: 

A F =r- A H — T A S. 


With respect to the theory in detail the book by Lewis and Randall 713) may be 
consulted. A short introduction has also been provided by Oppenheimeu 905). A 
certain number of entropy values now availablo for organic substances have been com- 
piled by Franice 356). Recently Borsook and his colleagues have determined the ther- 
mal values for some amino acids, purine and thiol compounds; these results, excepting 
the last paper by Stjejiler and Hoffmann 1103), have also been tabulated by Franke 
356). Reference is also made to the review by Borsook 135). 

The electromotive force set up by a reversible redox system may also serve as a 
basis for calculating A F since the free energy change during a roversible process corres- 
ponds to the maximum useful work. Here, the potential imparted to an inert noble metal 
electrode by a reversible redox system is measured electromctrically, in volts. The normal 
potential, E 0 , of a redox system at ph 0 is defined as the potential difference between 
a 1 : 1 mixture of the oxidized and the reduced form of the redox system and the normal 
hydrogen electrode. The free energy change may be obtained by means of the equation: 


A F = n F E 0 volts, or n • 23, OG • E 0 Calories, 
where n is the valency difference between the oxidized and the reduced form (' 'electron 
number”), and F is the electrochemical equivalent (Faraday). E d *) is obtained from 
the electrode equation: 


E =E — 


RT t [Ox] 
In 


nF [Red]’ 

where E is the potential difference measured in a system of arbitrarily chosen concen- 
tration ratio of the oxidized form [Ox] to the roduced form [Red], at a given ph, and 
referred to a hydrogen electrode of t he same ph and absolute temperature, T (°K); R the 
gas constant in electrical units. With respect to the theory and experimental methods, 
the monographs by Michaelis 801), Wurmser 1354), and the review by Thunbero 
1168) may be consulted. 


*) By convention E w and Pi represent potential differences and require no A prefix. 
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Like the hydrogen electrode most biological redox systems show a dependence on 
the hydrogen ion concentration. The causo of this phenomenon is the property of these 
systems to dissociate hydrogen ions at certain levels of ph (dissociation constants). 

The normal hydrogen electrode which is the reference point of most measurements 
(and of all measurements reported here) *) is a platinum electrode plated with platinum 
black, immersod in a solution which is 1 N • with respect to hydrogen ions, and in equili- 
brium with hydrogen gas of atmospheric pressuro. To this electrode the potential zero 
has*been ascribed by convention**). Upon increasing the ph (decreasing the hydrogen 
ion concentration) the potential of the hydrogen electrode decreases in linear fashion. It 
is also dependent on temperature; at ph = 1, E h is — 0.0601 v. at 30°, — 0.0579 v. at 25°, 
and — 0.0581 v. at 20°. With an increase in ph of 1 unit the potential decreases approxi- 
mately 0.06 v.; at ph = 7.0 (the neutrality point, so important in biological conside- 
rations) the potential of the hydrogen olectrode is E h = — 0.421 v. 

With a view to avoiding the change of sign required upon passing the zero point 
of the redox potential scale Szent-Gyorgyi 1120) suggested that the ox} r gen electrode 
should be chosen as the reference point (E 0 (Og) = 0 v. at ph = 7.0, instead of E 0 = + 
810 v.) and that all other potentials should be calculated with a positive sign with 
respect to this electrode. The usual connotation, however, has so deeply penetrated 
into the literature that such a revision, if adopted, would create considerable con- 
fusion. 

Many of the systems of interest for our discussion exhibit the same ph-dependence 
as the hydrogen electrode so that E 0 may be calculated from the measured E h values 
by extrapolating back to ph = 0 (adding 0.06 v. for each ph unit). It is to be remem- 
bered, however, that the slope of the E 0 7ph changes at those ph values where a disso- 
ciation constant (or the logarithm of the dissociation constant (pK)) is situated. Correct 
calculation of the E 0 of a system requires, therefore, either a) a knowledge of the 
various dissociation constants of the oxidized and reduced forms of the system, which 
may be obtained independently by potentiometric acid-base titration, employing a hy- 
drogen or a glass electrode, or b) a charting of the E 0 *-data for an extensive ph range 
(say from ph 1 to 12) to reveal the location of the dissociation constants as inflection 
points on the E 0 ’/ph-curve (see Clark 169a) and Michaelis 804)). 

For practical purposes and as an analogy to tho term ph, W. M. Clark 169a) at 
one time created the term rH as a measure of the oxidation-reduction potential. rH = — 
log 10 P, where P is the hydrogen gas pressure at the electrode in equilibrium with the 

RT RT 

solution containing the redox system. Since E h = In P — - — ~ PH, rH may 

be calculated from this oquation after the simple transformation: 

nF 

rH — — In P = -j^Tp E h + n ph, 

*) We summarize: Potential, referred to the hydrogen electrode of identical ph, — Eh ; E 0 h =*= 
potential at ph =0, as referred to the hydrogen electrode. Since in biological systems E 0 h is almost 
always given, this shall be written simply as E ot E 0 , then, represents the normal potential at ph = 0 
referred to the hydrogen electrode, at a [Ox]/[Red] ratio of unity. Frequently potentials measured 
at other hydrogen ion concentrations are also designated as “normal potentials’*, provided that the 
concentration ratio of tho two forms of the redox systems is unity. Such potentials shall be designated 
here as E 0 *; if not otherwise stated, this E 0 ’ is given for ph = 7. 

**) In actual practice, however, a calomel electrode is used as the half cell operating opposite 
the redox electrode to oomplete the electromotive circuit. The values thus obtained are recalculated 
for the hydrogen electrode as the reference point in the manner described by Michaelis (804, p. 133)). 
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with the aid of the experimentally found values for E h and ph (for details consult 
Michaelis 804), p. 48), Thunberg 11G8), and Needham 873). 

In the following table, the potentials and the rH values of the most important 
redox indicators at 50 per cent reduction and at ph = 7 are given; the rH values have 
been taken from the papers by Needham 874) and by Cohen et al 175) whereas the 
potential values for these and other indicators may be found in the tables compiled by 
Stern 1081). 

It should be emphasized that the calculation of E 0 from E h or E 0 ’ is only permissible 
if the ph-dependence of the potentials of the system is known. Clark has warned against 
an indiscriminate usage of the rH term for similar reasons. Howover, rH is being widely 
used in biological publications. 


TABLE 1. 


Indicator 

E 0 ’ in mv. 
at ph = 7.0 

rH 

(Oxygen Electrode) 

+ 810 

41.0 

Phenol-rri-sulfonate-indo-2,6-dibromophenol 

+ 273 

23.1 

o- Chlorophenol -ind oph enol 

+ 233 

20.9 

2,6-Dibroniophenol-indophenol 

-f 219 

20.2 

o-Cresol-indophenol 

-f 194 

19.7 

2,6-Dichlorophenol-indo-o*oresol 

-f 181 

19.3 

l-Naphthol-2-sulfonate-indophenol 

123 

17.4 

l-Naphtliol-2-sulfonate-indo-2,6-dichlorophenol 

+ 118 

17.2 

Cresyl Blue 

+ 31 

— 

Methylene Blue 

+ 25 

14.4 

Indigo tetrasulfonato 

— 58 

11.9 

Indigo trisulfonate 

— 90 

10.3 

Indigo disulfonate 

— 129 

9.2 

Neutral Blue 

— 192 


Janus Groen 

— 256 



Neutral Red 

— 340 

— 

Benzyl Viologen 

— 359 

— 

(Hydrogon Electrode) 

— 421 

0.0 

Phenosafranine 

— 525 

— 3.5 


Most of the diroct potentiometric measurements of the redox potentials of isolated 
organic chemical systems, especially of quinoid dyes and of hemin complexes, are duo 
to Clark, Bijlmann, Michaelis, Conant, and their collaborators. Some authors, e.g. 
Wurmser, Needham, Chambers, and their colleagues, have attempted direct measure- 
ments of redox potentials in complex biological systems, e.g. by injecting indicators 
into living cells with the aid of micromanipulators (see Needham and Needham 872) and 
Aubel 34)). The interpretation of the data thus obtained is made somewhat difficult 
because of toxic effects of some of tho dyes used and also because the amount of indicator 
required for visibility of the color of the equilibrium state with the surrounding cytoplasm 
may cause a shift in the cell potential due to “poising action”. The ideal conditions for 
measurements of intracellular potentials would be provided by the discovery of a colored 
reversible redox system occurring within the cell in a concentration sufficiently high to 
serve as an “internal” rH indicator. It is possible that some of the already known biolo- 
gical redox systems, e.g. pyocyanine or lactoflavin, may be suitable for this purpose. 
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Even so it must be kept in mind that the redox potentials in various parts of a cell may 
differ greatly. 

It has boon possiblo to determine the potentials of certain colorless, reversible 
but electromotively inactive biological systems by allowing them to come into 
equilibrium with electromotively active systems which serve as potential indicators. 
The system succinic acid — fumaric acid is a case in point. In presonce of succinic dehy- 
drogenase this system is fully roversible, i.e. the potential is, at any time, determined 
by the ratio of the concentration of the oxidized form (fumaric acid) to that of the reduced 
form (succinic acid). However, a noble metal electrodo when immersed in this equili- 
brium mixture will not register any stable potentials. Tho cause can be assumed to be 
that the exchange of electrons between the system and the electrode is very sluggish. 
If an amount of methylene blue is added which is too small to shift the equilibrium to 
any appreciable extent, the resulting stable potential observed, though actually the 
potential of the methylene blue/leuco methylene blue system, will also represent the 
potential of the biological enzyme-substrate mixture providing sufficient time has 
been allowed for establishment of equilibrium between the two systems. The first ob- 
servation of this kind was made by Tiiunbekg. Valuable information along these lines 
has been obtained by Quastel, Lehmann, Borsook, Wurmser, Barron and other 
workers (see also Franke 355). 

Tables of Redox Systems of Biological Interest: In the following tables tho nor- 
mal potentials, E 0 and E 0 ’ for the given ph values, the heats of reaction, A H, and the 
free energy change, A F, are given for important metabolite systems and for reversible 
biological redox systems including certain intermediary catalysts and co-enzymes. 
Many of tho data have been taken from the table by Franke 350). 

In that table, Franke has critically discussed the reliability of the various values 
given. The reader is referred to his papers (350, 355)) for this discussion. The 
table below has been supplemented by more recent data. A large number of tho poten- 
tial values and information pertaining to their significance will be found in the tables 
by Stern 1081). The values in rectangular brackets have been calculated for the present 
purpose. When the A F and A II values carry a negative sign, the energy rela- 
tionship may he regarded as abnormal, i.e. d (‘hydrogenation is then exothermal and 
hydrogenation endothermal. 

Whereas in several cases (see Table 2, p. 54) the normal potential of substrate 
systems in the presence of the corresponding enzyme could be determined, we know 
almost nothing about the potential of isolated oxidation enzymes though it is now 
widely held that a catalyst which promotes oxidation -reduction processes must in itself 
represent a reversible redox system (see for instance L. Michaelis 804)). The experimen- 
tal determination of enzyme potentials is difficult not only because very few enzymes 
have, as yet, been prepared in pure state, but also because the colloidal protein hearer 
introduces technical difficulties of the typo encountered in the potent iometric study 
of tho methemoglobin-hemoglobin system (179)). The only enzyme potential so far 
directly measured is that of the yellow oxidation enzyme (63G)) (see Table' 2). It is interes- 
ting to note that E' 0 at ph 7 was found to be — 0.0G v. (and E 0 = -f 0.37 v. (at ph 0)) 
whereas E' c of the free prosthetic flavin group is considerably more negative (E' 0 = — 
0.28 v. at ph 7 (822, G36)). It appears to be a general rule that the attach- 
ment, of a prosthetic group to a protein hearer raises t he normal poten- 
tial; E' 0 at ph 7 for free heme is near — 0.2 v. (at ph 9 it is — 0.23 v.) (see Table 2), while 
E' 0 for methemoglobin-hemoglobin is + 0.15 v. 
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stable in neutral solution (see p. 94 and p. 209). 
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It is possible, however, to deduce approximate potential levels for certain enzymes 
from indirect evidence or from general considerations. Thus, Barron 76) believes that 
the potential of the a-ketooxidase from gonococci is in the neighbourhood of — 0.034 v. 
because it may be replaced by reversible systems (hemochromogens) of this potential 
range. Onco the place of an oxidation enzyme or catalyst has been determined in the chain 
of biological oxidation it is possible to predict where its potential will be eventually 
found because otherwise the catalyst would not be capable of fulfilling its function. Let 
us consider the important case of the respiratory enzyme of Warburg as an example. 
Wo know that it stands at the top of the series of catalysts participating in the main chain 
of cell respiration. It should, consequently, be less positive than molecular oxygon (or the 
oxygen electrode) and more positive than the next lower catalyst in the chain which is 
one of the cytochrome components. The potential of cytochrome c only is accurately 
known (Wurmser and Filitti 1359)). The order in which the three cytochrome com- 
ponents are lined up is not yet sure, but it is believed, on the basis of the experiment 
by Haas 430a) in Warburg’s laboratory), that the three cytochromes are not connected 
in parallel but in series in the chain b—^c— >a (Ball 58)). It would seem, therefore, safe 
to predict that the potential of the respiratory ferment will be found to lie between -)- 0.260 
and + 0.800 v. and probably much closer to the former value than to the latter. *) 

Table 3 contains some of the directly measured potential values for cells, 
tissues, and cell suspensions. A recalculation of the E' 0 -values determined at the 
ph indicated in the table, in terms of E c , has been omitted because of the experimental 
uncertainty still inherent in such potentials which are only slowly and sluggishly establis- 
hed in most cases, and because the nature of those potentials is still controversial. Some 
workers believe that the aerobic and the anaerobic potentials (i.e. those measured in the 
presence and in the abscnco of air respectively) of cells correspond to tho normal potential 
of individual reversible redox systems which exert maximum poising action in this range, 
whereas others regard such potentials as the resultant of a multitude of oxidation- 
reduction processes occurring in the cell which need not necessarily involve strictly 
reversible systems. In other words, it is still an open question whether these biological 
potentials correspond to equilibrium states or to steady states of kinetic character. 

Cell potentials may be determined by colorimetric or by electrometric methods. 
In the former, an indicator of suitable potential range is added to the system and its 
final state of oxidation is considered to be identical with that of the entire system, if 
sufficient time has been allowed to attain equilibrium between indicator and biological 
material. The absolute amount of indicator must be kept as small as compatible with 
the optical requirements in order to avoid appreciable poising action on the part of the 
indicator. For electrometric measurements a noble metal electrode is placed in the cell 
suspension and the potentials are followed several hours until a practically steady state 
has been reached. It is important to employ several electrodes and, if possible, electrodes 
of different material (gold, platinum )to eliminate the individual properties or pecularities 
of any one electrode; only if several electrodes register closely agreeing potentials is 
tho inference permissible that the actual potential of the biological system has been 
measured. Both methods may be combined by adding an indicator and performing po- 
tentiometric measurements . The dye is functioning here as an electroactive mediator 
between the electrode surface and the cell content. The final potential value, in this 
case, is attained more rapidly than in the absence of an indicator dye. 

Along with the E' 0 values, the table lists the corresponding rH values. In the use 

*) See the recent measurement** by Ball (586) and Laki (694). 
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of the latter the reservations mentioned above (p. 59) should be borne in mind. 

Further observations on cell potentials of a more qualitative character will be 
found in the publications by Pavlow and Issakova-Keo 919), Rapkine and Wurmser 
962), Fabre and Simonnet 330), Tsukano 1188), Aubel 36), Mayer and Plantefol 
761), and Elema, Kluyver and van Dalfsen237). The lowest and highest potential 
values compatible with the vitality of the cell nucleus have been determined by Quastel 
and Wooldridge 954) and Aubel and Aubertin 38). The changes of E h and rll in the 
course of the development of the chick embryo have been studied by Friediieim 360). 

It has been observed by Aubel ot al. 37) that there develops in buffered solutions 
of fructose and glucose, without the addition of other substances and under anaerobic 
conditions, a potential level of approximately — 180 mV. (at ph 7.5 and 20°) as registered 
by blank platinum electrodes (details in (1356) and (1354)). Wurmser and his colleagues 
assume that an equilibrium of the type Glucide G' A -f H 2 established where A 
represents an oxidation product of the active substance G\ They believe that this active 
compound (Glucide X) is the most important, redox buffer of the living cell. It is of 
interest to note that these anaerobic sugar potentials are in the neighbourhood of the 
ascorbic acid potentials. Georgescu 393) finds the redox potential in anaerobic glucose- 
buffer solutions of rll = 12.6 di 6-5 at 20° (colorimotrically and elect rometrically), and 
for ascorbic acid an rll- value of 15 0.5. Still closer agreement botween ascorbic 

acid and the “glucide X”, later designated “redoxin”, was observed by Wurmser and 
Loureiro 1360, 1361), who, therefore, suggest that the two substances may possibly 
be identical. However, it is quite possible that the reducing substances formed under 
these conditions are reductones (see p. 210). 

Oxidation-reduction potentials in heterogeneous systems: 

In the interpretation of potentials measured in cell suspensions and in the evaluation 
of data obtained on isolated cell constituents in homogeneous solution for an integration 
of the events in the living cell, it must be kept in mind that the behaviour of reversible 
redox systems may be greatly affected by the presence of interfaces as they exist in a 
heterogeneous system like protoplasm. As Clark 170) has pointed out, “the heterogeneity 
of the living cell places restrictions upon the application of data from homogeneous 
systems’’. 

Michaelis (quoted by Abramson and Taylor 2)) had observed that methylene 
blue when adsorbed on filter paper was not reduced when placed in a suspension of pla- 
tinized asbestos saturated with hydrogen. This shows that the hydrogen is not active 
at any distance from the surface of the metal catalyst. Abramson and Taylor 2) con- 
firmed this observation and were able to show, furthermore, that soluble reducing agents 
like sodium hyposulfito (NagSgC^), cysteine, or thiourea will readily reduce the adsorbed 
dye in a reversible manner. If the excess of the reducer is removed by superficial washing, 
molecular oxygen as well as quinone or ferricyanide will reoxidize the leuoo dye to methy- 
lene blue. Similar observations were made with litmus paper and with phenosafranine 
adsorbed on cellulose. Abramson and Taylor point out that “a surface having selective 
adsorption for one form of the constituents of a reversible oxidation-reduction system 
could shift the oxidation-reduction potential of tho system.’’ “In heterogeneous systems 
the attainment of “equilibrium” in solution does not necessarily indicate the reduction 
intensity at the surface.” 

Work in the same direction has recently been carried out by Korr 587) who exten- 
ded Abramson and Taylor’s observations. He finds, upon adding adsorbents like 
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cellulose, kaolin, or silica gel, to solutions containing redox indicators at various ph 
and varying degrees of reduction, that the adsorbent will differentially adsorb the various 
forms of the dye. This is concluded from the ensuing potential changes in the solutions 
as well as form color differences between the adsorbate and the solution. In the course 
of these experiments the interesting observation was made that the semiquinoid radical 
form of pyocyanino may accumulate at the surface of the adsorbent. It is also shown that 
a dissolved dye may act as “hydrogen carrier” by being reduced at a catalytic surface, 
e.g. platinum asbestos, and then reoxidized at the surface of the adsorbent covered .with 
the reduced form of a dye. Such an interaction between dissolved and adsorbed dye mole- 
cules may be considered to be a model for the “coupling link” visualized by Borsook 136) 
to exist between various enzyme centers in the living cell. Such a mechanism may be 
operative in the transfer of energy from one surface, where an oxidation-reduction 
process releases energy, to another surface where this energy is required, e.g. for the pur- 
poses of synthesis. 


II. Catalysis of Oxido- Reduction. 

1) Heavy Metal Catalysis. 

a) General Considerations. 

It is proposed to describe the phenomena of heavy metal catalysis on the basis 
of the valency change theory of Warburg and Wieland. Certain difficulties will be 
discussed later in the section on peroxide catalysis (p. 123). There also the recent at- 
tempt by Haurowitz to explain the peroxidatic and catalatic action of ferric iron with- 
out a valency change will be described (p. 73). 

It is assumed that the catalysis in the dehydrogenation reactions to be discussed 
presently proceeds with the aid of complex salts of various heavy metals. Of paramount 
importance are iron and copper; occasionally manganose and a few other metals are 
active. The well-known model experiments with noble metals (platinum, palladium) 
which have been performed by Wieland, using alcohol, aldehydes, and amino acids as 
substrates, will receive little further attention in view of their comparatively small 
physiological interest. 

There is some difference with regard to the phenomena and the mechanism be- 
tween a catalysis by simple salts and by macromolecular complexes. In the former case 
a complex is formed between the substrate and the ionized metal, while in the latter case 
the substrate is adsorbed on tho surface of the macromolecular catalyst by residual 
valency forces and subsequently “activated”. If the catalyst is an enzyme the substrate 
combines with a prosthetic group which is linked to a colloidal protein bearer. In some 
instances the prosthetic group alone (hematin) is already somewhat catalytically active; 
combination with the bearer protein raises the activity and renders its action highly 
specific. Whether the metal complex brings about an anaerobic catalysis or one in which 
molecular oxygen is utilized depends solely on the autoxidizibility of the substra- 
t e-catalyst symplex. Of primary importance are those heavy metal catalyses concerned 
with true oxidation. They may be subdivided into oxidative and peroxidatic catalyses. 
The catalatic processes whero heavy metals split hydrogen peroxide into water and oxygen 
belong to this class only in an indirect maimer. 
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Oxidative Catalyses. 

The model reactions of greatest importance for heavy metal catalysis in biological 
systems are those dealing with sulfhydryl compounds (thiols). For careful studies 
on the mechanism of such catalyses we are indebted particularly to Michaelis 809, 
1036) and to Cannan 162) and their collegues. 

The so-called autoxidation of cysteine is actually, at least in the acid range, a heavy 
metal catalysis; iron, copper and manganese are active (Warburg). The inhibition of the 
reaction with oxygen by HCN is due to complex formation with tho heavy metal and not 
with the thiol (Harrison 455)). Upon adding HCN the violet color of the ferric cysteine 
complex disappears and the blue color of prussian blue (ferri-ferrocyanide) appears 
instead (Gerwe 399)). The iron catalysis is inhibited by pyrophosphate which reacts 
specifically with iron but not with copper, manganese, or SH-groups (Warburg). Car- 
bon monoxide inhibits both the iron and the copper catalysis, but only the orange CO- 
ferrous cysteine complex is reversibly dissociated by light (Cremer 191)). While in biolo- 
gical systems the cysteine oxidation is mainly catalyzed by iron that of glutathione is 
mainly effected by copper salts (Voegtlin et al. 1205)); pyrophosphate, in this case, 
does not act as an inhibiting agent but rather as an activator (Elvehjem 251, 252)). 
It is claimed that both the copper and iron catalyses of glutathione are resistant to CO, 
also the hematin catalysis of SH-compounds (Dixon 210)). 

At the same time there appears to take place a true, though very slow, autoxidation 
which is resistant even to m/100 cyanide (Gerwe 399)) *). This demonstrates, once 
more, that HCN reacts exclusively with the metal and not with the thiol group. On the 
other hand, HCN will react with S-S-linkages (Voegtlin et al. 1205, 1005)), particularly 
in tho absence of iron; the disulfide is reduced to the corresponding thiol (e.g. cystine 
to cysteine) while the HCN is oxidized to cyanate or transformed into thiocyanate. 
Contrary to earlier findings, iron-free cystine has no effect on the oxidation of cysteine 
(Gerwe), in contrast to metal-frco dithiodiglycolic acid (Harrison 453)). Instead of 
molecular oxygen, mothylene blue (see p. 108) or indigo disulfonate (Dixon 217)) may 
be acceptors in this system. 

The catalytic oxidation of cysteine proceeds probably beyond the cystine stage, 
just as the iodine titration method of cysteine will yield correct values only if, by cooling 
the reaction mixture, further oxidation of the cystine formed is prevented (Lewis and 
Virtue). According to Medes 772) cystine sulfoxide (C 6 H 12 0 6 N 2 S2) represents a product 
of intermediary cystine metabolism. In presence of copper total oxidation of cysteine to 
form C0 2 , NH 3 , and H 2 S0 4 may occur (Rosenthal and Voegtlin 1006)). This will be 
discussed further below. In alkaline solution, according to Schoberl and Wiesner 
1032), oxalate and thiosulfate are formed. Besides the oxidative scission hydrolysis of 
disulfides may take place: 

R — S — S — R + H0H^± R— SH + HO— S— R (1031)). 

This mochanisrn operates probably preponderantly if disulfide compounds of all types 
(cystine, SS-glutathione, proteins in the oxidized SS-stage) are brought into strongly 
alkaline solutions. The inactivation of fully active SS-insulin in alkaline solution is pro- 
bably due to this cleavage (Freudenberg). For a discussion of the chemical reactivity 
of SS- and SH-compounds the review article by Bersin 101a) should be consulted. 

The oxidation of a thiol is preceded by complex formation between the SH-group 
and the metal (Michaelis 809) ; Pirie928)). However, not all of these complexes are 
autoxidizable. The course of events following complex formation depends on the con- 


*) See, however, Elvbhjbm 252). 
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stitution of the substrate (cysteine, SH-glutathione, SH-proteins) and the nature of the 
metal. The most active metal is always copper (see also Kona 999)); the others act less 
strongly or not at all (see below). For pure metals, Bersin 101) found the following 
order: As, Cu, Sb, Zn, Cd, Ag, Fe, Ni. H 2 0 2 cannot be detected as a reaction product 
because it is decomposed by the metal and also because it reacts rapidly with the residual 
substrate; cysteine, for instance, is quickly dehydrogenated to cystino by hydrogen 
peroxide alone (Schoberl 1029, 1030)). This reaction is tho basis of some methods for 
the preparation of disulfides from the corresponding thiols; it will proceed quantitatively 
with cysteine, glutathione, and probably also with proteins. 

At this place, a few words concerning the sulfur groups of proteins and their oxido- 
reductive behaviour may be said. It has been known for some time (Heffter) that 
denatured proteins will give a positive test with nitroprussido while the test with the 
corresponding native protein is negative. The appearance of free SH-groups by denatu- 
ration and their disappearance by renaturation has recently been extensively studied 
by Mirsky and Anson 833a). In the native state, most proteins exist entirely in tho 
oxidized SS-form. In some of them, however, “potential” SH-groups may be detected by 
shifting the ph to the alkaline side; hemoglobin is such a protein. A native SS-protein may 
be reduced to SH-protein without appreciable denaturation if mild and specific reagents, 
e.g. cysteine or thioglycolic acid, or HCN, are employed. Upon denaturation additional 
SH-groups appear. If such a denatured protein is further reduced by tho same reagents 
the number of SH-groups detectable is stated to be the same as that found upon complete 
hydrolysis of the protein. Reoxidation of these SH-groups is possible with cystine and 
similar small-molecular disulfides; H 2 0 2 may also be used for this purpose. Of particular 
interest for the biologist are those proteins which show a specific physiological activity, 
the degree of which depends on the SS 2 SH-equilibrium in the protein molecule. 
There appears to be no definite rule governing this relationship: while certain proteino- 
lytic enzymes, e.g. cathepsin and papain, appear to bo active in the SH-form only (see, 
however, Anson 31a)), insulin conversely is stated to be physiologically active only 
in the SS-form. Treatment of insulin with cysteine, reduced glutathione, HCN, decreases 
the activity markedly. It has recently been shown (Stern and White 1097)) that if 
denaturation of the protein hormone during reduction is avoided, the more or less 
soluble SH-form retains about half of its original activity. The loss of activity is con- 
comitant with the appearance of only few SH-groups (2 to 3 from a total of 20). It is 
concluded that a few SS-linkages in insulin play the part of “activating groups” in the 
sense of Langenbeck’s terminology 697) and that the nature of the “active center” 
which actually participates in the catalysis is still obscure. It should be mentioned that 
Freudenbero and Wegmann 359a) succeeded in reactivating reduced insulin to a 
small extent by treating it with hydrogen peroxide in the presence of a large excess of 
cysteine as protective substance. The authors realize that the resulting active substance 
may not be the original hormone but a partly artificial insulin where SH-groups of 
insulin have been joined in the course of the rcoxidation to SH-groups of cysteine mole- 
cules. Reduced native insulin of 50 per cent activity may be oxidized by molecular oxygen 
in presence of certain heavy metals (Cu, Fe, Mn) (White and Stern 1298)). Although 
the oxygen uptake corresponds closely to the amount required to reoxidize the SH- 
groups, as also shown by independent SH-analyses, the resulting products, instead of 
being more active, have lost almost all of their residual activity in the course of the oxi- 
dation. It may be that under these conditions still other important reducing groups of the 
protein are oxidized. 
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The catalytic oxidation of thiols may be coupled with other reactions. The system 
Cu + thioglycolic acid, for instance, may oxidize hypophosphorous acid or tartaric 
acid (Wieland and Franke 1317)). The coupling with biological systems by means of 
intermediary catalysts will be discussed on p. 95. 

Cysteine appears to be only slightly selective with respect to the metal catalyzing 
its oxidation; besides Cu, Fe and Mn (Warburg 1231)), Co, but not Ni (Michaelis 809)) 
are effective. In the case of inorganic SH-compounds (alkalisulfides and H 2 S) Mn and 
Ni are particularly active catalysts (Krebs 597)). There is a possibility that Pb, at least 
in insects, is a catalyst (Kona 999)). The potential of hydrogen release in cysteine solu- 
tions is lowered by Co and Ni (Brdicka 145)); this is explained by dipole formation due 
to production of the complex, the dipole, in turn, contributing to the labilization of H. 
The system cystine-cysteine has been studied with the polarograph by Koncato 1001). 
According to electrometric measurements of Michaelis and Barron 810) the potential 
of cysteine solutions is influenced also by metallic mercury, platinum and gold (only as 
deposit on platinum but not as massive metal). Here, the reaction with oxygen takes 
place preferably in alkaline solution with a ph-optimum at 12.8. Cyanide inhibits the 
platinum but not tho mercury catalysis, in both metal catalyses, also with Co, methylene 
blue may replace oxygen as the acceptor (813)). Silver is inactive. Under anaerobic con- 
ditions the potential is independent of tho nature of the metal forming the electrode 
(813)). Under aerobic conditions Hg will react with S1I to form an electroactive complex 
(80)). Copper acts most strongly and effects eventually a total oxidation, while iron and 
manganese effect only a dehydrogenation to cystine (1006)). The Cu-catalysis is fastest in 
pyrophosphate medium (251)) but, in this case, brings about dehydrogenation only 
(1006)). Elliot 241) finds that the reaction proceeds more rapidly in phosphate-free 
solution, the rate increasing with the oxygen pressure and also proportionally to the 
amount of copper in the range of small Cu concentrations. The somewhat more stable 
cobalt complexes which are more readily isolated and useful as modols have been studied 
by Michaelis 809, 810) and by Kendall 1035) and their collegues. Schubert 1035) 
was able to isolate the Fe-complexes of thioglycolic acid which had previously been stu- 
died in solution by Cannan and Richardson 162) with respect to the kinetics of their 
oxidation and to their potentiometric behaviour. The formation of the Cu-cysteine com- 
plex possesses an optimum temperature (Elvehjem 251)). The oxidation of thioglycolic 
acid by Fe, Mn, and Cu has recently been reinvestigated by Ivharasch, Gerard et al. 
662); Cu was found to be most active, its action being promoted by phosphate while 
Fe and Mn are thereby inhibited. 

The so-called 4 'spontaneous” autoxidation of g 1 u t a t h i o n e is attributed to Cu (Dixon 
211)). Iron is much less active (Elliott 241)) or completely inactive in contrast to Pd, 
Au, Co (Voegtlin 1206)). The situation here is not so simple as with cysteine since 
glutathione forms regular salts (through tho COOH-group, e.g. with Cd or Cu) but appa- 
rently no complexes (through the SH-group) with heavy metals. Therefore, the presence 
of a compound capable of such complex formation seems to be necessary. Added cysteine 
may serve in this capacity (Meld rum and Dixon 778)) *). With glutathione stored as 
such cysteinylglycine, formed by decomposition, acts as the intermediate (Mason 757)). 
Presumably cystino is formed in the course of tho roaction and this dehydrogenates 
the glutathione. 

The SH-groups in proteins are dehydrogenated but not fully oxidized by Cu,Mn, 


*) This observation could not be confirmed by Voegtlin 1005). 
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Fe ( 1006 )). After coagulation ovalbumin behaves like free cysteine: Mn dehydrogenates 
whereas Cu oxidizes completely. 

A significant contribution to the problem of the mechanism of autoxidation has 
recently been made by Szent-Gyorgyi and his associates 1126a). Among other systems, 
they studied the oxidation of catechol by molocular oxygen as catalyzed by heavy metal. 
The starting point of their experiments was the observation that ferrous iron which is 
only slowly oxidized by 0 2 when it exists in simple inorganic salt linkage, is rapidly 
oxidized to ferric iron when added to catechol. The iron is, therefore, “activated V by 
complex formation with catechol. At the same time, the autoxidation of the catechol 
is accelerated by adding a ferrous salt at neutral reaction. Inasmuch as no free Fe 111 ions 
may be detected in the system, it follows that the oxidation of the catechol is not brought 
about by ferric ions but that if is due to an intramolecular electron shift from the ferric 
iron to the catechol within the complex. This process is analogous to that postulated by 
Warburg in the case of tho oxidation of cysteine by iron salts (cf. 191). It was found, 
furthermore, that the reaction between the ferrous-catechol complex and 0 2 is strongly 
inhibited by CO. Inasmuch as it can bo shown that there exists a competition between 
the 0 2 and tho CO for the complex which depends on the relative concentration of tho 
two gases, it is concluded that the first step of the reaction consists in a reversible oxyge- 
nation of the iron- catechol complex. There must follow an intramolecular electron shift 
between the 0 2 and the central Fe 11 -atom. Tho Fe 111 thus formed accepts an electron 
from tho catechol and is thereby regenerated to the Fe 11 form. The over-all result of 
this cycle is the oxidation of the catechol to quinone and the combination of tho charged 
oxygen with the hydrogen ions of the water to form H 2 0 2 . This picture conforms with 
that developed by Wieland 1302a) on the basis of his extensive investigations with 
Franke. An analogous scheme is developed for tho oxidation of ascorbic acid by Fe 
salts + () 2 . 

Other substancos the catalytic oxidation of which has boon frequently studied are 
the sugars. Some timo ago Warburg and Meyerhof showed that fructose is oxidized 
by molecular oxygen in the presence of phosphoric acid and traces of Fe or Cu. Of the 
various sugars tested only fructose and sorbose wero rapidly attacked (Wind). 

According to Meyerhof and Lohmann 792) tho reactivity (placing that of fructose 
arbitrarily at 100) is as follows: fructose phosphate (NEUBERG-ester) 220, ItoBisoN-ester 
(equilibrium mixture between aldose and ketose monophosphate) 46, glucose 14, zymo- 
phosphate 0. In the last case complex formation with the heavy metal soems to be im- 
possible due to substitution of both terminal groups. In solutions containing buffer 
substances other than phosphate fructose is rapidly and other sugars are more slowly 
oxidized by heavy metal plus CaCl 2 , at ph 8.5. The catalysis is inhibited by HCN (10~ 3 
M.), 1I 2 S, or pyrophosphate (Krebs 593)). 

The products of oxidation are acid. Consequently, tho oxidation will soon be arrested 
if tho buffer concentration is insufficient to maintain an alkaline ph (Nicloux 888)). 
Nicloux states 887) that glucose, fructose, lactose, galactose, maltose, and invert sugar 
but not sucroso are attacked. No tests were made concerning the metal content of the 
solutions. Small amounts of C0 2 aro said to be formed. The production of various decom- 
position products depends on the hydrogen ion concentration. (W. Tj. Evans et al. 328)). 

On tho other hand, Spoehr 1064) found another complex iron-pyrophosphate system 
not so highly specific; all sugars were attacked. Another system, consisting of Na2HP0 4 + 
ferric phosphate, seems to bo capable of oxygon transfer only in the presence of methy- 
lene blue. 
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It would appear that complex formation with pyrophosphoric acid is an essential 
requisite for catalysis (Degering 198), Malkov 749)), According to Kuen 625), however, 
the alkaline ph — and therefor the formation of reductone-liko substances by alkali — 
is of greater import than the presence of pyrophosphate. In recent experiments Hauro- 
witz 468) finds oxidation only with fructose as the substrate while glucose is decomposed 
with C0 2 formation, but without 0 2 uptake. This agrees with the statement by The- 
riault et al. 1165) that oxidation of glucose in ferrophosphate is due to contamination 
with, bacteria. This statement lias, however, been refuted by Goerner308) who con- 
firmed the desmolysis of glucose by Spoehr’s ferriphosphate model system under con- 
ditions which oxcluded the presence of bacteria. It will be remembered that Krebs 593), 
working in Warburg’s laboratory, observed oxidation of all sugars tested in alkalino 
solution and in presence of heavy metal, especially of Cu. Pyrophosphate, HON, and H 2 S 
were found to inhibit the reaction. Palit and Diiar 914) report induced oxidation of 
all carbohydrates tried and also of uric acid in the presence of freshly precipitated fer- 
rous hydroxide and of certain non-metallic reducing agents, e.g. sodium sulfite. This 
oxidation of arsenite etc. by atmospheric oxygen, as “induced by sugar” has been 
explained by Harned 452) by the formation of sugar peroxides; the participation of 
traces of iron is not denied because these reactions are sometimes inhibited by cyanide. 
In some instances a stimulation by cyanide was found. Upon shaking alkaline sugar 
solutions in air Shaffer and Harned 1047) were unable to detect the formation of 
organic peroxides; only H 2 0 2 could be found. The amount of hydrogen peroxide formed 
was increased by adding allegedly metalfroo glass or of methylene blue. These obser- 
vations suggest that autoxidative reactions take place in the course of these complex 
reactions. The oxidation of fatty acids, carbohydrates, and proteins in presence of Fe 
and Ce hydroxide has been interpreted as an induced reaction with the initial formation 
of higher metal oxides, e.g. Fe0 2 and Ce 2 0 5 (Palit and Dhar 913, 915)). 

Trios os aro oxidized in similar complexes (15)). Iron is most active here when added 
in the form of ferrous sulfate while hemin is less effective. The following compounds aro 
oxidized by Cu in phosphate solution: glycerol aldehyde and dihydroxy acetone (ra- 
pidly), fructoso and methyl glyoxal (slowly). The following substances show no oxygen 
uptake under the same conditions and exhibit partly inhibiting and partly stimulating 
effects on the oxidation of the above compounds (773)): glyoxal, glyoxylic acids, glycol, 
glycolic acid, pyruvic acid, valerianic acid, butyric acid, and propionic acid. A decarboxy- 
lation has also been observed in this system, increasing with the content of carbonyl 
groups. Glycol and glycolic acid do not react. We are probably dealing with coupled 
reactions. If animal charcoal is used as the catalyst, only sugar breakdown products, but 
not glucose itself are attacked (380)). Glycerol is dehydrogenated at palladium surfaces 
(Mazza and Carera 768)). As acceptors for the glycerol hydrogen 0 2 and, less effectively, 
methylene blue may be employed. 11CN but not H 2 S or CO inhibit this catalysis. 

The “autoxidation” of ascorbic acid is likewise a heavy metal catalysis and 
as such inhibited by cyanide (at acid reaction up to ph 7.6); Cu is again the most efficient 
catalyst (265, 257, 760, 554, 79)). The first oxidation product is dehydroascorbic acid 
(Kellie 554)). This is the true oxidant of the reversible redox system, the reductant of 
which is ascorbic acid. Its preserved vitamin activity is probably duo to its reconver- 
sion to the vitamin proper undor physiological conditions. Dehydroascorbic acid is rather 
unstable and is readily further oxidized to irreversible decomposition products. It is this 
situation (which is somewhat analogous to that existing in the epinephrine system) which is 
responsible for the controversy on the reversibility of ascorbic acid oxidation and on the 
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thermodynamic significance of potential measurements in the system. Autoxidation in 
alkaline solution causes irreversible destruction of ascorbic acid (see p. 98). Hemochro- 
mogens containing bases like nicotine may also promote the oxidation of ascorbic acid 
(Barron 79)). According to Zilva, Szent-Gyorgyi and others, there exists a specific 
ascorbic acid oxidase (see also Hopkins and Morgan 499)). Its occurrence has been 
reported in plants like squash and cabbage. Recently it has been claimed that the res- 
ponsible agent is not an enzyme but heavy metal, probably copper, in a rather simple 
chemical linkage (King et al. 1105a)). Straub 1107a), however, finds that fresh cucum- 
ber extracts have a 5 to 10 times higher ascorbic acid oxidase activity than ash solutions 
obtained from the same material. He assumes that the copper is activated by a linkage to 
a specific protein pheron. Details will be found in Oppeniieimer’b Supplement, p. 1587. 

The copper catalysis of ascorbic acid oxidation, just like the oxidation of leuco 
methylene blue by Cu (Schoberl 1029, 1030)), is inhibited by SH-groups (265, 257, 
102, 869)) due to their affinity for Cu and resultant complex formation. Once SS-groups 
have been formed by oxidation of the thiols, the inhibition ceases because of lack of 
affinity of SS-groups for Cu. According to Schoberl 1029, 1030) SH removes intermedia- 
ry H 2 0 2 ; it is thereby oxidized to SS while the amount of H 2 () 2 available for the main 
reaction is diminished. This interpretation is questioned by the recent finding of Barron 
78) that the inhibitory effect of SH-glutathione is only obsorved when ascorbic acid is 
oxidized by Cu as the catalyst. The dehydrogenation of ascorbic acid by hemochromogens 
or plant oxtracts is only inhibited by HCN but not by glutathione. Tissues contain a 
protective substance (554)) which prevents the oxidation of ascorbic acid. It is ther- 
mostable and dialyzable and does not consist, at least not ontirely, of glutathione (760)). 
Epinephrine (p. 93), proteins, and amino acids act also as protectors in animal 
tissues (326)). 

Abietinic acid is oxidized by cobalt salts. The change in the absorption spectrum 
indicates complex formation betwoen the metal and the substrate. The oxidation of 
oleic acid by air as catalyzed by various metal complexes (ferricyanide, molybdi- 
cyanide, copper glycine and copper pyridino) and by indophenol had been studied by 
Chow and Kamerling 168). The rate of oxygen uptake depends on the redox poten- 
tial in tho system: ferricyanide (E 0 ' + 0.42 v.) is most effective. Upon adding increasing 
amounts of ferrocyanide and thereby decreasing the potential the oxygen uptake de- 
creases. The potentials of iron complexes and their ph-dependence varies greatly with 
the nature of the complex forming anion. The rodox potential of the iron cyanide system is 
-f- 0.42 v. in the range of ph 4 to 8 whereas the potentials of the acetato, malonate, and 
pyrophosphate complex will decrease along this range (814)). Uric acid and its salts are 
aorobically oxidized by basic zinc salts (388)). Cobaltammines act as catalysts on pyro- 
catechol but not on tyrosine (939)). 

Tho first model reaction studied by Warburg was the oxidative catalysis of amino 
acids at charcoal surfaces. Today the significance of these experiments is more 
historical than experimental. The importance of the charcoal model for the heavy 
metal theory of biological oxidation has been lessened by the observation of 
Warburg liimsolf that iron-free sugar charcoal is only a little less active than tho iron- 
rich blood charcoal origin? lly used. From a descriptive point of view the catalysis con- 
sists in a dehydrogenation and decarboxylation yielding the next lower aldehyde. Thus 
leucine gives rise to valerianic aldehyde. In charcoal containing iron the active agent is 
Fe linked to N. The linkage from tho iron to the the nitrogen atoms of the pyrrol rings in 
hemin appears to remain intact upon carbonification though the rings themselves and the 
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methin bridges of the tetrapyrrolic porphyrin structure are, of course, destroyed. In 
heavy metal-free charcoal the active agent is the carbon itself. In the first instance, 
but not in the latter, cyanide is an inhibitor. The oxidation of amino acids and also of 
glucose, pyruvic acid, and several fatty acids by iron-free plant charcoal has been studied 
by Mayer and Wurmser7G2). It was found that the 0 2 as well as the substrates are 
adsorbed by the charcoal and that the process represents a typical heterogeneous cata- 
lysis on a carbon surface (see p. 22). The formation of C0 2 as an end product of cata- 
lytia oxidation was also observed to a small extent with manganese dioxide as the 
solid phase. 

Handovsky 446) reported that iron-containing charcoal and iron in powder form 
show activity only after they have been heated and permitted to cool in a hydrogen but 
not in a nitrogen atmosphere. He assumed that there was formed as the active agent 
hydrogen peroxide from the adsorbed hydrogen. His hypothesis has been refuted by 
Warburg 1226) who points out that tho amount of hydrogen adsorbed would have to 
be infinitely large in order to explain the permanent catalytic activity of the charcoal 
surface. Inorganic iron compounds aro not capable of catalyzing the oxidation of amino 
acids; the same holds for ferrous salts after addition of indifferent colloids. The catalytic 
action of iron powder is stated to bo inhibited by HCN (Handovsky 446)). Fe n -ions 
adsorbed on charcoal are ineffective (Kuhn and Wassekmann 678)), only “embedded” 
iron is active. On the other hand Fe 11 -ions adsorbed on charcoal exhibit a strong catala- 
tic activity towards H 2 0 2 which is of the same order as that of hemin. Fe • • adsorbed 
on metatin acid is less effective while Fe • • adsorbed on aluminium hydroxide is inactive. 
It appears that the “activation” of 0 2 requires more energy than the decomposition of 
H 2 0 2 . Synthetically prepared charcoals containing iron are oxidativo catalysts apparent- 
ly only if the iron is linked to nitrogen. According to Rideal 982) we have to distinguish 
between different active confers of varying activity, e.g. Fe — C — N, Fe — C, C — C. 

With respect to the specificity of the oxidation on charcoal it has been found that 
amides, proteins, peptones, heterocyclic N-bases, urea derivatives and sugar are hardly 
attacked (Furth 380)), whereas peptides and fructose are stated to be oxidized in pre- 
sence of alanine (1352)). Aliphatic amino acids with a long carbon chain and aromatic 
amino acids are more rapidly oxidized than alanine (Furth). The reaction never proceeds 
to completion. In alkaline solution a considerable rate increase is observed together with 
a complete chango with respect to tho mechanism. No more amino acid molecules 
disappear than in acid reaction, but the oxygen uptake and still more the C0 2 evolution 
are greatly increased (RQ > 2) (411)). 

It is not always possible to formulate tho process as a dehydrogenation since N-sub- 
stituted amino acids also are oxidized, e.g. dimethylamino isobutyric acid to acetone, 
dimethylamine, and C0 2 . With ozone the samo oxidation products are obtained. Mono- 
methylaminoisobutyric acid is also decomposed by charcoal, though more slowly. Pro- 
bably oxygen is attached to the nitrogen to form an oxide or peroxide of pentavalent 
nitrogen which subsequently breaks down (95)). 

The statement that amino acids are hydrolyzed at charcoal surfaces (1351, 1352)) 
has been rofuted by Wieland 1303). Due to the retention of oxygen by charcoal dehy- 
drogenation always takes place. Iron- containing charcoal dehydrogenates succinic acid 
to fumaric acid; oxygen as well as methylene blue function as acceptors. The activity 
of the charcoal increases with its iron content. With oxygen as acceptor quinone and 
KCN act as inhibitors (1130, 1131)). Oxalic acid is likewise oxidized by charcoal. The 
process is accelerated by ether, alcohols, and phenylurethane (Gompel 409)). 
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Peroxidatic Effect of Heavy Metal Systems. 

The pronounced oxidizing action of iron salts + hydrogen peroxide has been 
known since Schonbein, and the system was later regarded as a peroxidase model. This 
appears justified inasmuch as the true peroxidases havo been found to contain iron in 
complox formation with porphyrin (heme) and a specific protein (p. 178). While the true 
peroxidases are generally considered to act almost specifically on certain phenols, the 
simple iron systems will attack vigorously a number of biologically important compounds, 
e.g. sugars, fatty acids, and amino acids (Dakin and others). This property is made use 
of for preparatory purposes, e.g. in the Fenton reaction of the breakdown of hexoses, in 
the preparation of dihydroxy maleic acid from tartaric acid, etc. They act, of course, 
also on phenols (405)). It has already been mentioned (p. 22) that such reactions pro- 
bably also occur in cell metabolism where they may be catalyzed by simple iron complexes 
or by hem ins. 

These effects appear to be based, at least partly, on the dehydrogenation of com- 
plexes which in tho case of sugars, especially fruetoso, havo been studied in detail by 
Kuchlin and Boeseken 617, 618, 619, 620). The primary dehydrogenation of tho 
sugar-ferrous iron complex yields osones which, in turn, reduce the ferric iron formed. 
It is not decided as yet whether actual complex formation or only a certain orientation 
of tho polar sugar molecules by the iron ions is necessary. Phosphates, according to 
Malkov749), inhibit, while Kuen claims that they accelerate the reaction just as in 
the oxidation by 0 2 (625)). The intermediary formation of iron peroxides is un- 
likely (618)). 

Specific iron complexes as they have been postulated by Baudisch 91) in mineral 
wators (see also Heubner 478)) are not recognized by Simon 1056, 1057) and by Frese- 
nius 359). Simon is of tho opinion that the solution contains ferrous ions which will 
form a complex only when in contact with the substrate. According to Goldschmidt 
et al. 408) such a complox formation is not always necessary since even ethyl alcohol 
which shows so little inclination for complex formation may be a substrate. Furthermore, 
the authors were unable to find a complex formation between Fe and glycolic acid as the 
substrate upon spectrographic examination. In contrast to Wieland and Franke it is 
assumed by Goldschmidt that the peroxidatic reaction proceeds via ionogen and not 
complex bound iron. He believes that the reaction is a chain process involving an inter- 
mediate peroxide (p. 123). 

The peroxidatic and catalatic activity of iron oxides and other Fe compounds, and 
of metallic iron in various physical states havo been studied by Baudisch et al. (90,92)). 
Kuhn and Wassermann (678, 679, 680, 1283)) studied the catalatic, oxidatic, and 
peroxidatic activity of iron in various states of adsorption. The oxidation of H 2 S by 
H 2 0 2 , for instance, is very strongly catalyzed by free Fe 1I -ions and practically not pro- 
moted at all by iron complexes (phosphate, simple organic complexes, porphyrins) 
(1283)), while in other model systems the porphyrin compounds will show very pronoun- 
ced peroxidatic activity. Concerning the qualitative differences in the action of various 
Fo-compounds the paper by Ucko 1189) should also be consulted. 

The kinetics of the oxidation reactions with diphenols, p-phenylene diamine, dihy- 
droxymaleic acid, and linoleic acid has beon carefully investigated by Wieland and 
Franke (1312, 1314, 1316). With diethylperoxide + Fe** formic acid, lactic acid, 
amino acids, pyrogallic acid, etc. may be dehydrogenated (1307, 1306)). Without a donator 
the peroxide is decomposed by ferrous salt into alcohol and aldehydo (intramolecular 
hydrogen shift). The peroxidatic reactions which are brought about with the aid of this 
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peroxide are ovidence for the dehydrogenative charactor of the catalyses since it cannot 
give rise to an iron peroxide of the type depicted by Manchot (p. 128). Wieland assumes 
that an intermediate reactive complex between Pe**, peroxide, and substrate is formed. 
Upon the breakdown of the complex the iron is oxidized by the excess peroxide. We aie 
dealing here with an induced reaction involving the formation of a “critical” complex 
in the sense of Bronsted; the process may become a truo catalysis if the ferrous ironis 
regenerated by the donator. It is noteworthy that this Fe-catalysis is cyanide 
resistant. 

Similar experiments with thiols which are dehydrogenated by hydrogen peroxide 
alono — Fe and Cu accelerate — have been performed by Pirie 929) and by Schoberl 
1029, 1030). The fact that the dehydrogenation of H 2 0 2 is not inhibited by cyanide 
1115) is proof that it may bo brought about without the participation of heavy metal. 
Thorateof the reaction is greater at alkalino than at acid ph; potato oxidase and peroxi- 
dase do not accelerate and are, conversely, not inhibited by SH-compounds while acting 
on other substrates (154)). Obviously the direct oxidation of SH by H 2 0 2 must have a 
mechanism different from that promoted by heavy metal. Under certain conditions the 
SS-groups formed without the participation of metal may themselves bring about 
dehydrogenations (462)). 

The effect of various simple iron salts and complex salts on benzidine has been 
examined by Simon 1057). Partly they represent induced reactions, partly they are 
catalytic in nature but involve a desactivation of the catalyst. Hemoglobin is more effec- 
tive than the other Pe compounds tried (p. 82). Copper but not nickel, zinc, or man- 
ganese salts exert a peroxidatic action on fatty acids (succinic acid, etc.) (Smedley- 
MacLean 1059, 89)). Pe acts weakly in this case. Nucleic acid salts are attacked by 
basic zinc salts (Ganassini 388)). Other data concerning the catalatic and peroxidatic 
effects of Fo, Cu, Co, and other heavy metal complexes will be found in Shibata’s pu- 
blications (1051, 1052)). As substrates oxyflavins like myrecitin were used. HCN inhibits 
these reactions (1049)). 

The peroxidatic activity of complex iron systems is of considerable theoretical im- 
portance: it makes it impossible to detect H 2 0 2 in autoxidizable iron systems, simply 
becauso the peroxide is utilized in a now type of oxidative catalysis as soon as it is for- 
med. In the case of copper the kinetic relationships aro different from those of iron. Cu + 
reacts faster with 0 2 than with H 2 () 2 , wdiile Fe ++ will react about 1000 times faster at 
ph 7 and about 2—3000 times faster at ph 4—5 with 1I 2 0 2 than with 0 2 (Wieland and 
I’kanke 1315)). This explains why H 2 () 2 may be detected in Cu but not in Fe catalyses. 

Tho catalytic action of simple copper complexes, e.g. Cu(N 11 3 ) 4 , Cu-pyridine, and of 
analogeous silver compounds has been studied by Euler (295)). Colloidal carbon, accor- 
ding to Schwob 1041), is poroxidatically but not catalatically active. 

Participation of Heavy Metals in Anaerobic Processes. 

While it is probable that heavy metals play an important part not only in oxidative 
but also in anaerobic biological processes, our knowledge has so far not penetrated beyond 
a few isolated observations and details. These observations are mostly limited to the 
accelerating effect of metal salts and to tho inhibiting effect of substances known to 
form stable metal complexes on certain model reactions and biological processes. 

To begin with modol systems, Toda 1178) in Warburg’s laboratory and Harrison 
463) demonstrated the accelerating action of Fe- and Cu- on the dehydrogenation of 
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cysteine and thiogly colic acid by methylene blue. The same has been found in the 
case of sugars and similar substances; e.g. for fructose in phosphate solution (Blix 126)) 
and for dihydroxymaleic acid (Wieland and Franke 1. c. 288), p. 198). Some further 
data will be found in the paper by Ando 27). Aldehydes, sugars, and other substances 
are said to reduco methylene blue in presence of Fe**. Euler 304) finds an acceleration 
of the spontaneously slow dehydrogenation of ascorbic acid by methylene blue. Iron- 
containing charcoal dehydrogenates succinic acid with methylene blue as acceptor. 
It appears that also in certain anaerobic biologic processes iron is playing the part, of a 
catalyst. However its participation can only be concluded from an inhibition of the over- 
all process by reagents specific for iron. The same is true for copper as the catalyst. It 
might be mentioned here that Tiiunberg 1172) observed an acceleration of methylene 
blue reduction by plant extracts in the presence of Zn, Cd, Cu and Hg. 

According to Warburg 1218) the alcoholic fermentation of yeast is inhibited to 
an extent of 90 per cent by CN' in a concentration of 10 ~ 2 M. This is a high concentration 
when compared with that effective in respiration (10 ~ 4 M.) but it is an effect 200 times 
stronger than w’ould be predicted by the adsorption constant. In other words, this inhi- 
bition cannot be due to an unspecific surface action. 80 times tho amount of HGN 
in 5.10 " 3 M. solution is required for inhibition of fermentation as compared with the 
aerobic dohydrogenation of alcohol (Wieland 1322)). It is claimed (Patterson 918)) 
that KCN in concentrations greater than 5*10" 3 M. affects only the rate, but not tho total 
extent of fermentation by prolonging the induction period in intact yeast and by pro- 
ducing an induction period in yeast juice. KCN, thon, appears to influence the phos- 
phorylation rather than other phases of fermentation. H 2 S acts like CN' (875)). 

Carbon monoxide affects neither alcoholic nor lactic acid fermentation. Kempner 
555) made the interesting observation that the butyric acid fermentation of Clostri- 
dium butyricum is very sensitive towards CN' and CO. While at first he was unable 
to find an effect of light on the CO inhibition, in analogy to the respiratory ferment, 
later a diminution of the inhibition by very strong illumination could be demonstrated 
(Kempner and Kubowitz 557)). By employing monochromatic light sources these workers 
were able to determine the photochemical absorption coefficient of the enzyme-CO com- 
pound for a small number of wavelengths. 

Subsequent work by Kubowitz 612) showed that the CO inhibition is not concerned 
with the first phases of sugar cleavage to C 3 -corapounds, but with later stages leading to 
the normal end products butyric acid, hydrogen and carbon dioxide. In the CO-poisonod 
bacterium lactic acid is the end product. The inhibition appears to affect an enzyme 
containing heavy metal which splits pyruvic acid into C0 2 , acetic acid and H 2 . 
A carbon monoxide inhibition of formate scission by Bacterium coli has previously been 
observed by Stephenson et al. 1070). Tamiya 1133) found an inhibition of methylene 
blue reduction by acetic acid bacteria in presonce of CO. He interprets this effect as one 
of displacement by adsorption rather than of specific poisoning of an enzyme. 

It is noteworthy that nitric oxido (NO) will inhibit fermentation in a reversible 
manner, an effect which has been explained by a reaction with heavy metal (Warburg 
1223)). According to Wieland 1322) sodium fulminate affects respiration to the same 
extent as fermentation. 

The participation of copper in glycolysis, particularly in that of tumors, has been 
inferred from its inhibition by substances (amino acids, pyrocatechol disulfonate, etc.) 
which will form complexes with copper and which are able to protect animals against 
lethal doses of copper salts (232, 472, 589)). The inhibition of formic dehydrogenase of 
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bacterial origin by aminonaphthol sulfonic acid has also been attributed to the presence 
of copper in the enzymo (Cook, Haldane and Mapson 181)). On the other hand, the 
importance of loosely bound ferrous iron for glycolysis has been postulated by Zucker- 
kandl et al. (1383)) in view of his finding that a, a'-phenantroline which forms stable 
complexes with Fe" inhibits both alcoholic and lactic acid fermentation; a, /?'-phena n- 
troline which forms no such complexes is ineffective. Ustvedt 1191) was unable to 
confirm these observations in the case of muscle glycolysis. 

Inhibition of Metal Catalysis. 

In many instances the inhibition technique lias been and still is the only method 
available in the quest for the elucidation of the nature of biological catalysts. Almost 
everything that is known about the respiratory ferment, for instance, is derived from 
spectroscopic studies of its inhibition by carbon monoxide. It should not be overlooked, 
however, that the applicability of this tool is limited. The same heavy metal, iron for 
example, will exhibit a different behaviour towards supposedly specific reagents depen- 
ding on its particular type of linkage in the catalyst molecule. This may even go to the 
extreme of non-reactivity: a, a'-dipyridyl which is a highly specific reagent for ferrous 
iron and with which it forms a stable red complex (tridipyridyl ferrous sulfate) will not 
react with the ferrous iron in heme complexes. It is obvious that the deciding factor here 
is the ratio of the affinities of the complex forming reagents to the metal. Warburg has 
stressed the point that the absence of heavy metal in a given catalysis must not be in- 
ferred from negative results with metal inhibitors. On the other hand it must not be over- 
looked that in spite of complex formation between the reagent and the heavy metal 
catalyst, the process may proceed unchecked or even more rapidly as before, simply 
because the newly created complex is catalytically active. A case in point is the formation 
of cyanhematin which promotes the oxygen uptake of unsaturated fatty acids. Conver- 
sely, the inhibition of an enzyme by cyanide is not sufficient proof that a heavy metal is 
at work. Xanthine oxidase is inactivated by cyanide in a relatively slow reaction which 
bears tho marks of cyanhydrin formation rather than of ferric cyanide complex produc- 
tion (p. 90). In other cases cyanide has been found to activate enzymes, e.g. papain, 
cathepsin, by reducing tho inactive — S — S — linkage to the active — SH — form. 

This section will be devoted mainly to a discussion of the interaction of inhibitors 
and metalcontaining model systems. Tho effect of tlieso inhibitors on enzymes containing 
heavy metal, particularly a hemin grouping, will later be treated in greater detail. 

The two reagents for heavy metals which interest us most in this respect are carbon 
monoxide and tho cyanide ion. While an inhibition by CO indicates unambiguously 
the presence of heavy metal, the action of cyanide, as has been pointed out, is not decisive 
proof of this type, especially if only higher CN' concentrations are found to be effective. 
In the case of iron the mode of action of these two important inhibitors is fundamentally 
different: CO combines with ferrous iron and prevents its oxidation; the iron carbonyl 
complexes exhibit varying degrees of photodissociation or rather light sensitivity. 
The cyanide ion has a greater affinity for ferric than for ferrous iron. It prevents the 
reduction of tho iron (Warburg (p. 76), Krebs 596)). In the case of the respiratory 
ferment this can be shown by virtue of the fact that the degree of cyanide inhibition is 
independent of the 0 2 -pressure. This concept has been further supported by direct 
spectroscopic observations in microorganisms (Warburg 1280)). The affinity of ferric 
iron for cyanide is exhibited not only by heme derivatives but also by simpler iron com- 
plexes and salts. 
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Carbon monoxide: A variety of heavy metals are capable of forming complexes 
with carbon monoxide (carbonyl complexes). Iron pentacarbonyl (Fe(CO) s ), iron tetra- 
carbonyl, diferro nonacarbonyl (F%(CO)a), nickel carbonyl are examples of the simplest 
type of these compounds. Complex heavy metal salts may also form CO compounds 
provided that they are not coordinatively saturated. Thus, potassium forrocyanide whore 
the covalence forces of the metal are satisfied will not absorb CO while the less saturated 
trisodium ferropentacyanammin (Na 3 FeCy 6 NH 3 , 6 II 2 0) will form complexes not only 
with CO but also with nitric oxide (NO) and oxygen. The CO replaces the NH S molecule 
in the complex (Manchot). Manchot has also determined tho composition of certain 
copper and mercury CO complexes: CuCl(CO) (2 H 2 0), Hg(OC 2 H fi )(CO) Cl. The most 
important CO complex from a biological point of viow is, of course, carbon monoxide 
hemoglobin. It is not only interesting for its own sake but also as a convenient model 
for similar complexes, e.g. tho respiratory forment-CO compound, which havo thus far 
not been isolated and which at best are only present in infinitesimal concentrations in 
living systems. Another interesting model is the ferrous cysteine CO complex which was 
discovered by Cbkmer (191) in Warburg’s laboratory. 

The outstanding property of the iron carbonyl complexes is their dissociation by 
light. Mond and Langer, in 1891, discovered the reversible photodissociation of Fe(CO) 6 . 
Soon afterwards, Haldane and Smith accidentally observed the splitting of CO-hemo- 
globin by sunlight. The quantum yields obtained in various model systems and in the 
respiratory' ferment-CO system havo been measured by Warburg (p. 136). The affinity 
between the CO and the metal compound and the light sensitivity are important indivi- 
dual constants depending on the kind of metal, the nature of tho other constituents, 
and on the type of linkage existing in the molecule. Nickel carbonyl complexes aro less 
light sensitive than the corresponding iron compounds, while copper carbonyl complexes 
are stated to be light-stable. 

Compared with hemoglobin the respiratory ferment has a higher affinity for oxygen 
and a lower affinity for carbon monoxide. This may be demonstrated by the fact that 
in small cells where diffusion plays no large role ( Micrococcus caudicaus) respiration 
will go on undiminished, i.e. the respiratory ferment will be saturated, down to oxygen 
concentrations of the order of 10 ~ 5 M. where oxyhemoglobin is completely dissociated. 
Conversely, hemoglobin will be fully saturated with CO in presence of 0 2 at a 0 2 /C0 
ratio of 1/4, whereas the respiratory ferment is st ill not fully combined with CO at a 
ratio of 1/40 (Warburg (p. 142). CO-hemoglobin is considerably less light sensitive than 
the respiratory ferment-CO compound or CO-pyridinehemochrornogen. The light sen- 
sitivity of tho hemoglobin complex may bo greatly increased by motliyl carbyl amine 
(Warburg 1278)). The theory of photodissociation of these CO compounds will be treated 
later (p. 136). 

Ferric iron forms no reversible CO complexes. But certain hemins (e.g. phaeohemms) 

are capable of oxidizing CO to C0 2 : 

2 > FeOH + 3 CO = 2 > FeCO + C0 2 + H 2 0 (Negelein 876)). 

Whether biological copper catalyses are inhibited by CO is still controversial. 
Reid’s 971) finding that CO inhibits the copper catalysis of leuco methylene blue has 
not beon confirmed by Macrae 742). 

According to Barron et al. 79) the coppor catalysis of ascorbic acid oxidation by 
molecular oxygen is inhibited by CO. Illumination fails to alleviate the CO-poisoning 
of the catalyst. These workers assume that the metal, in tho course of tho reaction, 
undergoes a cyclic change from the cupric to the cuprous form and that it is the latter 
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which combines with tho CO. The polyphenol oxidase from potatoes which has been 
demonstrated to be a copper-proteid complex (Kubowitz 613)) is likewise inhibited by 
carbon monoxide. In conjunction with a phosphopyridine nucleotid-proteid the copper- 
proteid represents an “alcohol dehydrogenase” system which oxidizes alcohol to aldehyde 
and which is inhibited both by IICN and CO. On the other hand, the “alcohol dehydro- 
genase” composed of alloxazino-proteid (yellow ferment) and the samo phosphopyridine 
nucleotid-proteid is affected by neither inhibitor. 

JThe question of tho formation of complexes between CO and heavy metal-thiol 
compounds has a rather involved history. Cremer 191) found that the catalytic 
cysteine oxidation by iron salts is inhibited by CO. Carbon monoxide will form an orange 
colored complex with ferrous cysteine where 2 CO molecules are absorbed by one atom of 
iron. This complex is dissociated by light in a reversible manner. Dixon 210) could con- 
firm the formation of this complex but not the inhibition of the catalysis. He was likewise 
unable to confirm the OO-inhibition of tho cysteine oxidation by hematin which had been 
reported by Krebs 595, 596). Dixon explained tho discrepancy by the observation that 
hematin decomposes in solution and that the breakdown products will combine with 
CO but not with cyanide. In the case of glutathione it was reported at first (Hartmann 
463)) that tho nickel but not the iron catalysis was inhibited by CO. A reinvestigation 
(Kubowitz 612a)) had the result that not only nickel but also iron and cobalt will form 
complexes with glutathiono (also with thioglycolic and thiolactic acid) which in turn 
will combine with CO. These phenomena are observed only if an excess of glutathione 
is employed with respect to tho iron. The Fe-glutathione-CO complex but not the others 
aro dissociated by light. 

Animals carrying hemoglobin as the protein for oxygen transport purposes are not 
suitable for the demonstration of inhibition of respiration by carbon monoxide because 
anoxemia due to CO-hemoglobin formation will cause death before cell respiration is 
stoppod owing to CO inhibition of the respiratory ferment. The specific interaction 
between CO and the respiratory ferment has been demonstrated in unicellular organisms, 
e.g. in yeast (Warburg 1270)), in leucocytes (Fujita 381)), and in insects carrying 
hemocyanin (Galleria) (Haldane 411)). While revival by illumination of whole animals 
poisoned with CO had previously been tried with negative results owing to their opacity 
to light, Fleischmann et al. (348a)) have recently succeeded in this respect with trans- 
lucent young Tenebrio larvae. They became immobilized by treatment with a mixture 
of 80 per cent CO and 20 per cent air in the dark; mobility was restored by illumination 
with strong light. Tho experiment could be repeated up to six times with tho same ani- 
mals. The heart rate of fish larvae ( Fundulus ) is slowed down by treatment with C0/0 2 
mixtures; illumination will restore to some extent the original frequency (Fisher and 
Irving 345)). 

Yamagutchi, working in the laboratory of Shibata, has recently reported (1367)) 
that an indophenol oxidase preparation in solution is CO resistant. The conclusions drawn 
by the Japanese authors from this observation concerning the role of Warburg’s respira- 
tory ferment in the cell are not convincing until the identity of the two enzymes is de- 
monstrated beyond doubt. Warburg has expressed the view that the respiratory 
ferment is linked to the structure of tho cell in such a manner that it cannot be separated 
from it without a chango in stability and specificity (change of the protein bearer ?). 

According to observations from Warburg’s laboratory (Keid 973)); Warburg ot al. 
1280)) CO will not react with the cytochrome system. Keilin however believes that the 
rather labile cytochrome-a component is blocked by CO; cytochrome-c in solution 
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will combine with CO only outside the physiological ph range, namely, beyond ph 12. 
(See, however, Altschul and Hogness (20 a)). 

Peroxidase and Catalase represent hematin protein complexes in a stabilized 
ferric state. Consequently, neither of them is inhibited by CO (Elliott and Sutter 248); 
K. G. Stern 1089)). There exist also reports to the contrary (Kuhn et al. 649) ; Califano 
169)). Keilin and Hartuee 648), after poisoning catalase with hydroxylamine or sodium 
azide and adding hydrogen peroxide, observed a change in the absorption spoctrum in 
presence of CO which they interpret as due to the formation of a ferrocatalase-00 complex. 
The same authors (649)) observed an inhibition of catalaso by CO in some instances. 

Other important biological processes which are affected by carbon monoxide are 
tho nitrate reduction by bacteria (Quastel 944)) and photosynthesis (Warburg 
1226a)). Warburg was inclined to put the inhibition of tho thermal dark reaction phase 
of photosynthesis (Blackman reaction) by cyanido and CO in parallel to the cyanide 
inhibition of catalase. According to him iron was the active agent in both reactions. 
These observations have lately been reinvestigated and reinterpreted by GAFFRON386a). 

Cyanide: The inhibition of heavy motal catalysts by cyanide is probably always 
caused by the formation of a complex between the catalyst and the inhibitor leading to 
a blocking of the active group of the former and thereby preventing the acceptance of 
an electron, i.e. the reduction. In the catalysis by simple iron salts the complex formation 
with cyanide may prevent the production of tho autoxidizable complex with the sub- 
strate, e.g. that of ferrous cysteine. It has been known for a long time that hemin deri- 
vatives with ferric iron, e.g. methemoglobin, have a high affinity for HCN. Wliilo War- 
burg seems to picture this compound as a simple complex salt of ferric iron, of the type 
> Fe UI (CN), Haurowitz 464, 467) assumes a coordinative linkage whore the OH-group 
(or a water molecule) is replaced by the HCN molecule. It is true that cyanide may also 
combine, under certain conditions, with ferrous iron. Hemochromogens are combinations 
between ferroheme or ferriheme*) and a nitrogen containing base, e.g. pyridine, nicotine, 
hydrazine. Cyan may also function in this capacity. Usually two molecules of the ni- 
trogen base are combined with one iron atom (Mirsky and Anson 833b, 833c)). The 
cyanide hemochromogen and its dissociation constants have recently been carefully 
studied by spectroscopic methods by Barron et al. 489a). It is important that denatu- 
red proteins also form hemochromogens with heme. Of the native proteins apparently 
only globin may combine with heme. When hemoglobin is denatured the spectral type 
changes to that of globin hemochromogen. Tho corresponding ferrihemochromogen is 
cathemoglobin which may be obtained by denaturation of methemoglobin. Native 
ferrohemoglobin does not combine appreciably with cyanide because the bonding be- 
tween the ferrous iron and the globin is stronger than between Fe 11 and cyanide. 
However, thero exists some ovidence that cyanide may form a loose complex with hemo- 
globin of the type of oxyhemoglobin. The light sensitivity of carbon monoxide hemo- 
globin is increased by adding cyanido just as it is by methyl isocyanide (methyl car- 
bylamine) (Warburg et al. 1278)). The light sensitivity is defined as the ratio between 
photodissociation and dark dissociation. It is obvious that this ratio may be increased 
either by increasing the photodissociation or by decreasing the dark dissociation. The 
latter may be achieved, for instance, by lowering the temperature which will slow down 

*) In this discussion the recently proposed terminology for home derivatives by Pauling and 
Mirsky l.c. 918a) is employed. It appears preferable to the one used by Keilin who calls the com- 
binations between oxidized heme (hematin) and bases parahematins and only those between reduced 
heme (heme) and bases hemochromogens. 
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the thermal dark reaction but not the photic reaction. Cyanide and isocyanidea have 
a similar effoct; Warburg concludes that they must combine with hemoglobin and 
CO, forming a ternary compound in order to be able to affect the rate of dark dissociation 
which is a characteristic constant for each individual heme complex. 

Whether a given heavy metal catalysis is inhibited by cyanide depends on the 
nature of the metal and on the type of its linkage to other constituents in the catalyst 
molecule. Predictions cannot be made; cytochrome c for instance, which is a combination 
of hematins with proteins, will combine with CN' neither in the ferrous nor in the ferric 
state. That in cyanide poisoned cells, e.g. in bakers yeast, the spectrum of reduced cy- 
tochrome is observed even under aerobic conditions is due to the block of cytochrome 
oxidation by the combination of cyanide with the ferric form of the respiratory ferment 
which represents a specific cytochromo dehydrogenase (or cytochrome oxidase). The 
inhibition of cell respiration by cyanide is apparently solely caused by this inhibition of 
the oxygen transferring enzyme. It is true that tho respiration of certain cells, e.g. of 
the algae Chlorella 123a) is cyanide resistant under certain conditions. It is believed 
that in such cells respiration does not proceed via the pliaeohemin enzyme of Warburg 
but via metal-free catalysts of the type of the yellow oxidation enzyme. On the other 
hand, it is not possible to deny that HCN might act as inhibitor in metal-free catalyses. 
In the case of chain reactions, for example, HCN may bo an active “antioxidant” like 
phenol or hydroquinone by causing a breaking of the chain (p. 48). Wieland’s theory 
of cyanide inhibition as due to an unspecific adsorption on the surface of the catalyst 
is certainly not valid for the range of low cyanide concentrations and for the case of 
hemin derivatives in general. 

Not only tho ferric form of the respiratory ferment but also catalaso and pero- 
xidase both of which contain ferric iron are strongly inhibited by HCN. Zeile and 
IIellstrom 1377, 1371) have described the formation of a spectroscopically well defined 
complex between catalase and HCN. The dissociation constant as derived from inhibition 
experiments agrees in the order of magnitude with that computed from rough optical 
measurements. One moleculo of the enzyme will combine with one molecule HCN. The 
assumption of Zeile that the inhibitor will combine with a group in the enzyme different 
from that reacting with the substrate appears improbable and unnecessary. The cyanide 
inhibition of the respiratory enzyme as well as of catalase is fully reversible. It is claimed 
that the cyanide inhibition of peroxidase is irreversible (1328, 400)); this finding requires 
critical reinvestigation since Keilin and Mann 551) have shown that peroxidase is 
also a ferric compound containing very probably protohematin as the prosthetic group. 
The combination of protohematin derivatives with HCN has been found to be reversible 
in all other instances investigated. A number of other enzymes, e.g. uricase, carbonic 
anhydrase, and succinic dehydrogenase have also boon stated to be cyanide sensitive 
(see however (711)). Table 4, showing the inhibition of enzymes by cyanido and 
carbon monoxide has been taken from the review article by Hand 444). 

Copper catalyses are less cyanide sensitive than iron catalyses, at least as far as model 
reactions with thiols as substrates are concerned. Polyphenol oxidase from potatoes 
which contains copper in the prosthetic group and a protein bearer (Kubowitz 613)) is 
inhibited by HCN. Manganese as catalyst in the cysteine oxidation is completely cyanide 
insensitive. Not all hemin catalyses are inhibited by cyanide: neither the oxidation of 
unsaturatod fatty acids (Kuhn and Meyer 653)) nor that of cysteine (Wright and 
Alstyne 1349)) is poisoned by HCN. 

Nitrils: Though nitrils form no complexes with heavy metals they behave like 
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TABLE 4. 


Affinitios of Oxidases and Simple Iron-Porphyrins. 


Specificity 
(Terminology as by 
Raper 957)) 

Affinity 
for HCN 

Refe- 

rence 

C0/0 2 at 50 
per cent 
inactivation 

Refe- 

rence 

Probable 
Valency of 
Iron 

Catalase 

Peroxidase .... 

50 per cent 
active at 

M = 8.10 7 

50 per cent 
activo at 

M = 5.10- 8 

(1377) 

(1328) 

No affinity 
for CO 

No affinity 
for CO i 

(1299) 

(1328) 

Fe 111 

Fe ul 

Methemoglobin . . 

Stable Com- 
pound 

(1381) 

No affinity 
for CO 


Fe 111 

Cytochrome oxidase. 

Poisoned by 

M = 10 - 3 ' to 
10 - 4 

(1217) 

7 to 30 

(1261) 

Fo 11 «±Fe m 

Indophenol oxidase. 

Poisoned by 

M = 10~ 3 

(538) 

| 

5.C to 9.8 

(538) 

* “ 

Dopa oxidase . . . 

Poisoned by 

M = 2.10- 3 

(957)' 




Polyphenol oxidase. 

, Sensitive to 
HCN 

(538) 

1.5 

(538) 


Laccase 

Sensitive to 
| HCN 

(443)1 


(443) 


Tyrosinase .... 

Sensitive to 
HCN 

(443) 


(443) 


Hematin (reduced) . 

50 per cent 
bound at M = 
10 - 3 

(596) 

large affinity 

(596) 

Fe" 

Hemoglobin .... 

No affinity 
for HCN 

(485) 

0.005 

(70) 

Fe" 

Cytochrome c . . . 

No affinity 
for HCN 

(486) 

No affinity 
for CO 

(486) 

Fe n <±Fe in 

Xanthine oxidase . 

No affinity 
for HCN 

(538) 

No affinity 
for CO 

(538) 

| — 

Succinooxidase . . 

Probably no 
affinity for 
HCN 

(538) 

i No affinity 
for CO 

(538) 
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CN' in certain aerobic processes, e.g. in the dehydrogenation of succinic acid (Wieland 
and Frage 1311), Sen 1042)) and of lactic acid (Barron 83)). It has been shown in 
Warburg’s laboratory (Toda 1177)) that certain nitrils, e.g. valeronitril, have a narcotic 
action which is in agreement with their adsorption constant. 

Is onitrils: The ester of hydrocyanic acid (carbylamines) show a selective inhibiting 
power. In model experiments they inhibit the oxidation of fructose and of cysteine. They 
have no effect on respiration, fermentation and C0 2 -assimilation (Warburg 1220)) 
and none on catalase (Toda 1177)). They inhibit the Pasteur reaction in yeast and 
tumor tissue as evidenced by the increase in aerobic fermentation in their presence. Car- 
bylamine will combine with hemoglobin, thereby increasing the light sensitivity of CO- 
hemoglobin (Warburg 1275)), but not with rnethemoglobin (Warburg 1220)). It is to 
bo concluded that carbylamine shows a high affinity for ferrous iron and little or none 
for ferric iron. 

Cyanate has no effect on tissue respiration (Rosenthal and Voegtlin 1005)). 

Hydrogen sulfide (or NaoR) inhibits the aerobic dehydrogenation of alcohol 
(Wieland 1322)), it inhibits peroxidase (1328)), catalase (1377, 1073)), indophenol 
oxidase (1295)), and the oxidative hemin catalyses with linseed oil as substrate (598, 
875)). The reaction H 2 S + H 2 () 2 is catalyzed by Fe and by hemin but not by peroxidase 
(1282, 1283)). The cyanide-sensitive uriease is IJ 2 S-rosistant (510)). The copper containing 
potato oxidase is inhibited by H 2 S (613)). 

Sodium azide: This reagent has recently been introduced as a heavy metal 
inhibitor by Keilin. It inhibits catalase reversibly (123)), furthermore it inhibits peroxi- 
dase, indophenol oxidase, phcnolase. Cell respiration is poisoned only below ph 6.7 but 
no longer at ph 7,5 (Keilin 543)). It also interferes with alcohol oxidation by yeast 
(Wieland 1322)). 

Hydroxy la mine: The inhibition of catalase by hydro xylamine has been known 
for a long time (Jacobsohn). It. has recently been confirmed by Blaschko 124) who 
tried to employ it as tool in deciding the question as to the importance of the enzyme 
for cell respiration. The result was, unfortunately, not clear cut: while tissue catalase 
is poisoned in every case, the respiration of kidney slices is strongly inhibited by hydr- 
oxy lamine, that of testis hardly at all. The existence of a combination between catalase 
and the reagent has also been made probable by spectroscopic experiments (Keilin and 
Hart ree 548)). 

Pyrophosphate: The action of pyrophosphate as a heavy metal inhibitor varies 
with the typo of metal and of the substrate. In cysteine oxidation pyrophosphate inhi- 
bits the action of iron and manganese but not that of copper (Warburg 1222) ; Elvehjem 
251)); in the case of sugar oxidation it is the copper catalysis which is affected (Krebs 
693)). According to Voegtlin and Rosenthal 1201) only the total oxidation of cysteine 
but not the dehydrogenation to cystine by Fo or Mn is inhibited by pyrophosphate. 
The inhibition of cell respiration by this reagent, according to Leloir and Pixon 711), 
is due to a poisoning of succinic dehydrogenase; in cells where this enzyme is not essential 
for the oxygen uptake, e.g. in bakers yeast, pyrophosphate has no effect oil respiration* 

b) Hemin Catalyses. 

The term “hemin catalysis” encompasses all catalyses brought about by deriva- 
tives of the porphin skeleton in combination with a heavy metal nucleus. A subdivision 
may bo made depending on whether chemically well defined home compounds or colloidal 
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systems consisting of a prosthetic heme group and a bearer protein are at play. The latter 
include the blood pigments, e.g. hemoglobin and methemoglobin, as well as the hemin 
complexes of the cell (respiratory ferment, cytochrome, etc.). 

Action of hemins in model systems: 

Inasmuch as hemin (ferriheme) is reduced by a variety of substances to home (ferro- 
heme) and inasmuch as the latter compound is readily autoxidizable (Cremer 190)), the 
conditions for catalysis are met whenever the reversible redox system Ferriheme + H 2 *± 
Ferrohemo is formed; this system transfers hydrogen from suitable donators to mole- 
cular oxygen. The autoxidation of ferro heme is inhibited by carbon monoxide. The iron 
in heme is coordinatively tetravalent. Upon combining with bases like pyridine or with 
proteins it undergoes a change to coordinatively hexavalent iron. This is not dependent 
on whether the metal exists in the ferric or in the ferrous state. One molecule of CO is 
absorbed by one ferro heme complex molecule, i.o. by ono iron atom. This holds even for 
the simplest compound of this type, namely, CO-heme (Hill 484b)). The sixth place 
in the coordination shell of the iron is probably occupied by H 2 0 in this instance. The 
potential of the ferro/ferri heme system is more negative than that of any hemochromo- 
gen (Conant 180); Barron 77)). 

Free hematin has been observed spectroscopically in living cells (Keilin 638)). 
Keilin has speculated on the possible significance of this hemo for cell respiration as 
the precursors of cytochrome (638)). According to the same author (640)) these cell 
hemins are also responsible for the thermostable peroxidase activity of hemoglobin- and 
peroxidase-freo cells (bacteria, yeast, etc.) 

As in any type of heavy metal catalysis the question must be raised as to whether 
the valencychango hypothesis is capable of explaining all phenomena observed in 
hemin catalyses or whether other mechanisms, e.g. that of intermediary peroxide formation, 
must also be taken into consideration. In order to render the valency change mechanism 
plausiblo for any given case it is first necessary to ascertain whether reversible oxidation- 
reduction of the hemin derivative may occur under the experimental conditions. The 
action of inhibitors with special affinity for one valency stage only or spectroscopic 
observations are the most prominent tools in such investigations. Some hemin derivatives 
like peroxidase and catalase contain iron in a stabilized ferric state (Zeile and IIell- 
strom 1377); Stern 1089)). In such cases an attempt has been made to explain the 
catalysis without the assumption of an intermediary valency change (p. 46). Like cata- 
lase (Stern 1086)) other ferrihemo derivatives form spectroscopically defined complexes 
with peroxides while in the ferric state: methemoglobin with hydrogen peroxide (Robert 
684), Haurowitz 467)) and with ethyl hydrogen peroxide (Keilin 646), Stern 1082)); 
peroxidase with H 2 0 2 (Keilin and Mann 661)); hemin with H 2 0 2 (Euler 297), Hauro- 
witz 469)). Haurowitz assumes that the heme-H 2 0 2 compound contains an activated 
H 2 0 2 molecule in coordinative linkage to the iron atom. In this form the heme may 
catalyze the kathodic reduction of I1 2 0 2 (146)) as well as the transfer of donator hydrogen 
to chromogens and the hydrogenation of the bound peroxide by another H 2 0 2 molecule 
acting as the H-donator. It is interesting to note that othor hemins but no other 
metal-porphyrins function in an analogous manner. Their magnetic moment appears to 
have no bearing on this question. According to Bergel and Bolz 96) the catalytic 
oxidation of dialkyl aminoacids by hemin (natural amino acids are not attacked) occurs 
possibly through peroxide formation. The same possibility exists for the hemin 
catalysis of the oxidation of unsaturated fatty acid which is cyanide resistant (Robinson). 
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Tho dehydrogenation of t h i o I s to disulfides by hemin was first observed by Harri- 
son 462). The oxidation of cystoine by free hemin and by hemin combined with cyclic 
nitrogeneous bases was subsequently studied by Krebs 596). Calculated for 1 mg 
iron, free homin will transfer 8800 mm 3 0 2 to cysteine per hour. The corresponding figure 
for pyridine heinochromogen is 92,000 mm 3 and for nicotine hemochromogen 232,000. 
Since traces of FeS0 4 were found to exert a strong stimulating effect, it appears likely 
that ferrous cysteine is more rapidly oxidized catalytically than cysteine alone. The 
catalysis is inhibited by TICN and CO; in fact, it has been used as a model for tho cata- 
lysis of coll respiration by the respiratory formont. Tho point in question was whether 
the absorption spectrum of a compound as determined by direct spectroscopy is identical 
in every respect with tho photochemical absorption spectrum as determined by the in- 
direct ‘TO-ilhimination’’ method. At the time at which this test was performed the ab- 
sorption spectrum of the respiratory ferment had not yot been observed directly in 
living cells. It was, therefore, necessary to choose a compound available in sufficient 
amounts and of a constitution and properties as similar as possible to the respiratory 
ferment. Pyridino hemochromogen is such a compound; the substrate was cysteine. 
The result was that there exists close agreement between the spectra measured by the 
two independent methods. The subsequent discovery of the long-wave absorption band 
of the respiratory ferment in yeast and acetic acid bacteria by direct spectroscopy by 
Warburg and his associates at the position predicted by the photochemical measure- 
ments (p. 136) is certainly as spectacular and significant in biochemistry as a similar 
event in the field of general chemistry, namely the discovery of certain chemical elements 
with properties predicted decados previously by Mendelejeff and Meyer on the basis 
of the periodic system. The long-wave absorption band of tho respiratory ferment in 
azot oboe ter, according to Negelein and GERiscHER880),is situated in the red region 
instead of in the yellow as in yeast and acetobacter. Unfortunately no photochemical 
measurements exist with respect to the respiratory ferment in azotobacter. For a crucial 
test of Warburg’s theory and for a decision of the controversy concerning tho direct 
visibility of the respiratory ferment (p. 148) it appears highly desirable to secure infor- 
mation on the photochemical absorption spectrum of the ferment in azotobacter. 

Other substrates employed for tho study of the oxidativo efficiency of hemin and 
hemochromogens are ascorbic acid (Barron et al. 79)) and pyruvic acid (Meyer 783)). 
Both catalyses are inhibited by HCN. The catalytic oxidation of ascorbic acid yields 
dehvdroascorbic acid, and that of pyruvic acid leads to oxalic acid. In a recent investi- 
gation of the oxidation of glutathione by hemin derivatives, Lyman and Barron 741a) 
believe to havo observed complex formation between heme and the SS-form of the 
tripeptide. From the description of the procedure employed for the preparation of this 
complex, however, it is to be inferred that the green compound formed is not a complex 
of the type postulated by these workers but a verdohemochromogen, i.e. the iron 
complex salt of biliverdin. This compound has boon obtained by several earlier workers 
and has previously been considered to be a ‘'green” (i.e. a chlorophyll-typo) homin. 
Actually, it is protohemin where one methine bridge between the pyrrol nuclei has 
been oxidized, thus causing a rupture of the porphin skeleton and the formation of an 
open-chain bile pigment structure, held together in tho original porphyrin form by the 
complex binding forces of the central iron atom (Lemberg 711a)). 

Heme, besides being an oxidative catalyst, is also peroxidatically and catalatically 
active. The first systematic investigations of these functions of heme and of its derivati- 
ves were carried out by Kuiin, Brann and Meyer 142, 638, 639, 653). Thoy detected 


Oppenheimer-Stern, Biological Oxidation. 


6 



82 


CATALYSES BY HEMOGLOBIN AND RELATED COMPOUNDS 


the catalatic acticity of these substances. Their observations were extended by Zeile 
1370), Euler 263), Haurowitz 466), Langenbeck et al. 702) and Stern 1075, 1076a). 
All hemins containing iron are active towards H 2 0 2 ; the hemin esters and copper-por- 
phyrins are inactive 1370). Protohemin, deuterohemin, mesohemin, pyratin-ScHUMM 
were found to be active (263)). The ferrihemochromogens and ferrohemochromogens have 
an activity of the same order of magnitude, viz. 10 _1 molocules of H 2 0 2 are destroyed by 
one molecule of the catalyst per second at 0° (635, 702, 1075, 1076a)). The rather low 
activity of these simple heme derivatives as compared with the enzyme catalase (10 5 
molecules H 2 0 2 per catalase molecule per second) is due to the greater stability and 
consequent slow decomposition of the intermediary hemin-H 2 0 2 complex (Euler and 
Josephson 297); Haurowitz 469)). Imidazolhemochromogens, e.g. histamin hemochro- 
mogen, are among the most active of these synthetic hemin catalases (Langenbeck 
702); Stern 1076a)). HCN inhibits only in comparatively high concentrations and at 
ph values above 8 (263)). Each catalyst appears to have its individual ph-optimum. 

Similar observations have been made with respect to the peroxidatic activity of 
heme and of its derivatives (638, 702, 979)). It is of interest to note that tho coupling of 
heme with the same base may activate the three catalytic functions (peroxidatic, catala- 
tic, oxidatic) in a different manner. Chlorophyll hemins (green hemins) are less active 
than red (blood) hemins. Some amino acids increase the peroxidatic activity, trypto- 
phane decreases it throughout (979)). 

The catalytic activity of heme and of its derivatives is greatly affected by adsorption 
on various bearers. With charcoal, for instance, the catalatic activity is 200 per cent 
increased while the oxidatic efficiency is diminished; with metastannic acid both 
functions are little changed, while both are weakenod by alumina (Kuhn). Catalysts pre- 
pared by adsorbing pyridine- or nicotine hemochromogen on starch or charcoal were 
found to bo highly active oxidative catalysts with cysteine as the substrate (Brit. Pat. 
E. P. 804731); with respect to the decomposition of hydrogen peroxide, the activity of 
adsorbed hemochromogens (nicotine, pyridine, histamine) is of the same order as that of 
the same compounds in solution (Stern 1076a)). 

Among the most interesting oxidative functions of ferrihemes is their ability to 
oxidize hemoglobin to methemoglobin (Warburg and Kubowitz 1262)) and that of 
certain hemins, notably of chlorophyll hemins and of phaeohemins, to oxidize CO to 
C0 2 (Negelein 876)). In the first case catalytically active methemoglobin is formed on 
the surface of red blood cells which in turn may burn hexosemonophosphate in presence 
of the corresponding dehydrogenase system; the second fact explains why in certain 
manometric experiments, devised to test the inhibitory action of CO on certain hemin 
catalyses, no inhibition was noted but the gas disappeared instead. 

Catalyses by Hemoglobin and Related Compounds. 

Hemoglobin itself is not an oxidative catalyst as is to be expocted from a substance 
developed for oxygen transport to the tissues; oxyhemoglobin is a loose and fully rever- 
sible addition compound containing ferrous iron. On the other hand, hemoglobin as well 
as oxyhemoglobin exhibit, in vitro, a weak catalatic and peroxidatic activity. The latter 
is somewhat stronger but of the same order as that shown by hemin alone and synthetic 
hemochromogons; the ph-optimum is at 4.6 (638)) (51)). The catalatic function has been 
studied, among other workers, by Haurowitz 446). A number of qualitative tests for 
the blood pigment, e.g. the guaiac and the benzidine reaction, aro based on these “in- 
cidental” properties of hemoglobin. Methemoglobin, the true oxidation product of 
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hemoglobin with ferric iron, is an oxidation catalyst under certain conditions. Though 
methemoglobin is readily reduced to hemoglobin by various biological systems, e.g. 
cysteine, glutathione, lactic acid dehydrogenase + lactate, the ferrous iron of the latter 
is so well protected by the globin component against oxidation that molecular oxygen 
will ordinarily oxygenate it to oxyhemoglobin and not rooxidize it to methemoglobin. 
In general, only oxidizing agents of the type of ferricyanide or methylene blue will convert 
hemoglobin into methemoglobin. 13y the use of such agents Warburg and his associates 
(1262i 1263, 1264)) have succeeded in producing an oxygen transfor with red blood cor- 
puscles via the redox system hemoglobin^ methemoglobin. Substrates oxidi- 
zed by this artificially produced systom are glucose, lactic acid, hexosemonophospliate, 
provided that the necessary “activating” enzymes (dohydrogenases) are present. It is 
somewhat perplexing that the behaviour of such blood colls containing methemoglobin 
toward oxygen will depend on the nature of the reagent employed for methemoglobin 
production. Thus, methemoglobin produced by amyl nitrite is catalytically inactive: 
The hemoglobin formed by the reducing substrate-dehydrogenase system will roact 
with 0 2 to yield oxyhemoglobin and not methemoglobin as would bo required to complete 
the catalytic cycle. The same result was obtained independently by Wendel 1292). 
The reaction comes to a standstill after pyruvate has beon formed at the expense of 
lactate and hemoglobin at the expense of methemoglobin. Phenylhydroxylamine, on 
the other hand, gives rise to a true catalysis with the redox system hemoglobin 
methemoglobin, but only if the reduction of the methemoglobin formed by the reagent 
is effected immediately by sugar in air. Under these conditions the hemoglobin will react 
in statu nascendi with molecular oxygen to give methemoglobin. If the reduction of the 
methemoglobin is carried out in an indifferent gas, argon for instance, and if air is 
subsequently admitted, oxyhemoglobin is produced instead of methemoglobin and no 
catalysis takes place, just as in tho case of amyl nitrite. This shows that the system 

+ O2 

DH 2 -j- Methb— + Hb + Methb -f- H 2 0 2 

can only be set up under exceptional circumstances, namely, if the hemoglobin reacts in 
statu nascendi (see also p. 242). It is however possible to bring about an interesting type 
of methemoglobin catalysis by introducing a socond redox system, e.g. a quinoid dye 
or hemin. The experiments by Warburg and his associates dealing with this phenomenon 
took their origin from the observation of Barron and Harrop 82) that methylene blue 
when added to enucleated red blood cells causes the appearance of an artificial respiration. 
According to Warburg 1263, 1287) this is not due to an acceptor respiration via methy- 
lene blue where the metabolites are dehydrogenated with the aid of dehydrogenases + 
the yellow enzyme and where the leuco methylene bluo reacts directly with molecular 
oxygen. It is stated that a chain of two redox systems is at work here: First, the 
methylene blue oxidizes tho hemoglobin to methemoglobin; then, the latter oxidizes the 
metabolites. The hemoglobin thus formed is rooxidized to methemoglobin by the 
dye *). The catalysis consists, therefore, of an anaerobic (a) and of an aerobic (b) phase: 

(a) . . . . DH 2 + Methb -> D + Hb; Hb + MB — >- Methb + LMB 

(b) LMB + 0 2 ->MB + H 2 0 2 

(MB = Methylene blue, LMB = Leuco methylene bluo). 

♦) SchUlbr 1037), in Warburg’s laboratory, finds that the protein component, globin, is oxi- 
dized by ferricyanide and therefore probably also by methylene blue. 
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It is not impossible that the experiments by Euler 261) with liver extracts are 
to be interpreted similarly. U. S. v. Euler 326) suspects that the increase in respiration 
of muscle provoked by dinitro-a-naphthol is partly due to interaction with muscle hemo- 
globin (myoglobin) (p. 112). 

Michaelis and Salomon 819) have employed a series of redox indicators in an 
attempt to correlate the catalytic action of the dyes with their redox potential. They 
found that the stimulation of respiration of erythrocytes increased with the potential 
of the dyes up to a certain limit where no further increase was observed. They ascer- 
tained that the rate of methemoglobin formation was likewise increasing with a rise 
in potential. It is generally conceded, howover, oven by Warburg (1238, p. 225), that it 
is more or less a matter of concentration ratios to which extent the catalysis will proceed 
via the dye alone or via the dye plus methemoglobin. This state of things also provides 
an explanation for the observation of Wendel 1292) that the catalysis is cyanide- 
resistant: the pure acceptor catalysis with dyes is not affected by CN\ 

It is interesting that a similar coupling of two redox systems for promoting oxygen 
transfer may be effected by two cell constituents. Warburg 1262) had found that 
hemin when added to red blood cells will form methemoglobin. Later he showod that 
phenylhydrazine destroys hemoglobin by transforming it into free hemin and denatured 
globin 1263). The hemin oxidizes fresh hemoglobin to methemoglobin and is thereby 
reduced to ferroheme. The methemoglobin, in turn, is reduced back to hemoglobin by 
the metabolito-dehydrogena3e system. Again we have an anaerobic phase (a) and an 
aerobic stage (b): 

(a) . . . . DH 2 + Methb -> D + Hb; Hb + Hemin ->Methb + Heme 

(b) . . . . Heme + 0 2 -> Hemin -f- H 2 0 2 . 

This combination of a non-autoxidizable and an autoxidizable redox system, both of 
which contain porphyrin-bound iron, represents a model for the catalytic chain of cell 
respiration. Cytochrome is the non-autoxidizable and the respiratory ferment is the 
autoxidizable catalyst. 

It should be mentioned here that this effect of phenylhydrazine occurs only if 
blood cells are treated with this substance in vitro. It is known that phenyl hydrazine 
poisoning in vivo also produces strongly respiring erythrocytes (Morawitz cells). Their 
respiration, however, is not caused by the coupling of methemoglobin with free hemin 
but by the ordinary respiratory ferment. The Mokawiiz cells are young blood cells, i.e. 
they respire due to the presence of nuclear material. 

Heavy Metal-Containing Intermediary Catalysts (Mesocatalysts). 

A detailed definition of a ‘mesocatalyst’ system will be given later (p. 87). Here it 
may suffice to point out that they represent catalysts which can perform their par- 
ticular function only in conjunction with other enzymatic or non-enzy- 
matic catalysts. The only system of this kind containing heavy metal which 
we know is cytochrome. Of the three cytochrome components, a, b and c, only the 
latter has been isolated in pure form and has been found to be non-autoxidizable in 
the physiological ph-range. According to Keilin 540) and to Roche 990) cytochrome 
a is autoxidizable or may be readily transformed into derivatives capable of reaction 
with 0 2 . Eor the c component, however, the necessity for providing a specific oxidi- 
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zing system contained in the chain of cell respiratory catalysts is generally accepted. 
This oxidizing agent has been identified with the well-known indophenol -oxidase by 
Keilin and with the respiratory ferment by Warburg. Now both authors tako the 
view that these two oxidases are identical *). 

In model experiments with cytochromo c the necessary "cytochrome-oxidase” 
must bo provided in the form of washed heart muscle (preferably from sheep) in order 
to make the reoxidation of this carrier possible. Chains of the type: Oxidase + Cyto- 
chrome c -f cysteine (Keilin 540)) and Oxidase + Cytochrome c 4 - Glucose-glucose 
dehydrogenase (Harrison 458)) have been successfully constructed in vitro to operate 
with molecular oxygen. Other reducing systems which could be substituted for glucose- 
glucose dehydrogenase are lactate-lactic dehydrogenase and succinic acid-succinic 
dehydrogenase (Ogston and Green 895)). 

It is very probable that in actual cell respiration a number of iron porphyrin systems 
is linked up in series. Warburg has discussed chains consisting of the respiratory fer- 
ment and the three cytochromo components and even a chain made up of two respira- 
tory ferments and three cytochrome components 1234). 

Cytochromo c is well adapted to a carrier function: It represents a readily reversible 
redox system with a normal potential intermediary between that of oxygen (and the 
respiratory ferment) on the one hand and that of the substrate-dehydrogenase systems 
on the other hand (see p. 160). In addition it has a relatively small molecule (M. Wt. 16.500) 
considering its constitution as a home derivative combined with a protein bearer; it is 
therefore more readily diffusible than hemoglobin (M. Wt. 68000). 

2) Metal-Free Catalysis (Acceptor Catalysis), 
a) General Considerations. 

It is safer to substitute the name “acceptor catalysis” for the more common term 
“metal-free catalysis”. While it is established that metal catalysts of known character 
and especially hemin systems play no active part in these processes, the possibility 
that other metal catalysts in subanalytical traces may participate can not be ex- 
cluded as yet. 

The acceptor catalyses are primarily anaerobic reactions, i.e. they proceed without 
molecular 0 2 . However, in the event that an acceptor is autoxidizable in its reduced 
form, they may proceed to the ultimate stage of oxidation by oxygen and thus pass over 
into an aerobic phase. If the reduced form of the last acceptor is non-autoxidizable the 
coupling link with oxygen may be provided by a suitable heavy metal system. This 
is the general pattern of cell respiration. Here the ultimate oxidation is effected 
by the respiratory phaeohemin ferment of Warburg. 

Even if the reduced form of the acceptor should be somewhat autoxidizable this 
faculty may remain unexploifed in the normally respiring cell. Warburg has pointed 
out that in the competition for oxygen affinity becomes the decisive factor: the rate of 
reaction of the reducing systems with the oxygen transferring enzyme is much greater 
than that with molecular oxygen. This explains why autoxidizable substances like the 
leuco forms of tho yellow enzyme or of pyocyanine, within the living cell, are reoxidized 
not by 0 2 but by the ferric iron of the respiratory enzyme. 

*) It is possible, that these oxidase is nothing else than the autoxidisable cytochrome a itself, 
and tho terminal catalysis acts in the chain: oyt. b— > c—> a — b 0 2 ; v. Oppenheimer, Suppl. p. 1664. 
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In principle, regeneration of the oxidized form of an acceptor, e.g. quinone, may 
be accomplished by any of the following reactions: true autoxidation, reaction with 
hydrogen peroxide, oxidation by a higher valency form of a heavy metal, reaction with 
an oxidase, poroxidatic reaction with ELjOg + iron or H 2 0 2 + peroxidase. 

It is obvious that throughout the field of anaerobic acceptor catalysis the type of 
reversible reaction occuring is that of Wieland’s dehydrogenation-hydrogenation, i.e. 
of hydrogen transfer. Whereas this transfer has been usually conceived as a simultaneous 
shift of pairs of hydrogen atoms or electrons, recent work makes it appear likely that the 
transfer occurs in two steps comprising one H-atom or electron at a time. Intermediary 
radicals of the semiquinone type have been observed not only in the case of strictly 
quinoid pigments, e.g. pyocyanine, but also in tho case of the yellow enzyme, of cozymase 
and of codehydrase. 


Autoxidizable and Non-Autoxidizable Systems. 

Autoxidizable acceptors or carriers will reduce oxygen to the hydrogon peroxide 
stage. When they are active within the coll or when they are added to living colls, an 
“iron-free respiration” results which is an unphysiological process oven if no carrier has 
been added. It is unphysiological because tho hydrogen peroxide formed by tho reaction 
leads to the death of the cell. Facultative anaerobic lactic acid bacteria lack homin com- 
ponents; they contain a considerable amount of yellow enzyme (Warburg and Christian 
1244)). When brought into air they will change from their ordinary type of metabolism, 
i.e. from lactic acid fermentation, to respiration via the yellow enzyme. They possess no 
catalase or other iron systems to destroy the H 2 0 2 formed, hence they perish when a 
sufficient amount of the peroxide has accumulated. An example of iron-free respiration 
through an addod carrier system is the so-called methylene blue respiration ( Meyer- 
hof, Barron, Warburg). This type of respiration is not inhibited by CN' or CO. The 
cyanide-resistant “residual respiration” of living cells, i.e. the fraction remaining after 
poisoning of the “main respiration”, is very probably such an acceptor respiration, 
established with the aid of the yellow enzyme or similar carriers. As will be shown later 
(p. 260) the extent of this residual respiration varies from that of a quantitatively 
negligeable fraction (as in yeast for instance) to that of a quite appreciable fraction of the 
total respiration (as in retina for example). Whether it plays any important role in the 
cell under normal conditions is a matter of conjecture. It may be an “emergency by-path” 
or it may be a quantitatively insignificant but qualitatively important constituent of 
the energy-yielding mechanism of living matter. 

Let us consider a simple case of acceptor respiration. The system lactic dehydroge- 
nase-lactate reacts with methylene blue to give leuco methylene blue and pyruvate. 
The process is cyanide-resistant (Stephenson 471)). If this reaction is carried out in an 
evacuated Thunberg tube it will stop after all of tho acceptor has been converted into 
the reduced form, provided that an excess of lactate has been used. But if air is admitted 
the leuco dye will undergo reoxidation by 0 2 and the reaction will continue. If, on the 
other hand, no dyestuff is addod and air is present from the start no lactate dohydroge- 
nation will occur; lactic dehydrogenase is an “anoxytropic” dehydrogenase, i.e. incapable 
of utilizing 0 2 as an acceptor for the hydrogen of the substrate. Under aerobic conditions 
a very small amount of methylene blue will suffice to bring the reaction to completion 
by virtue of its cyclic reduction and reoxidation. The dye acts as a carrier or 
intermediary catalyst in this set-up, whereas in the Thunberg tube it merely 
represents the second substrate or the acceptor. In the living cell, the dehydrogenase- 
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substrate system is linked up in the chain terminating in a iron containing (hemin) 
system. Lactate oxidation by living cells is, therefore, cyanide-sensitive. 

Carrier systems may be classified as enzymic and non-enzymic, depending on 
whether these low-molecular reversible oxidizable groups are linked or not linked to col- 
loidal bearers (proteins). Autoxidizable carriers are, for instance, the yellow enzyme, 
the “respiratory pigments” of Palladin (quinoid plant constituents), oxytropic dehy- 
drogenases, e.g. aldehydrase (?), xanthine oxidase, amino acid dehydrogenases, the 
glucose oxidase of Muller, pyocyanine, chlororaphin, epinephrine, quinone etc. Non- 
autoxidizable carriers are thiols, particularly glutathione, ascorbic acid, codehy- 
drogenases (cozymases), diaphorase, most of the dehydrogenases, intermediary catalysts 
derived by desmolysis of food stuffs, e.g. succinic acid, malic acid. 

Enzymes and Intermediary Catalysts (Mesocatalysts). 

It becomes almost a necessity to recognize in principle that every reversible redox 
system found in the living cell represents a catalyst for biological oxidation-reduction 
reactions. Most of these systems have probably a very restricted catalytic function. They 
cannot act independently but aro active only in conjunction with tho colloidal 
biocatalysts, i.e. with the enzymes. More specifically, they can only transfer hydrogen 
which has been labilized (“activated”) by specific enzymes (dehydrogenases). The 
transfer proper seems to occur on a surface on which both tho acceptor and the donator 
are adsorbed; the surface is provided by tho protein bearer of the dehydrogenase. The 
function of the surface is probably that to effect oriontation of the molecules and to lower 
the activation energy, thereby facilitating the reaction. 

The greatest advance in our knowledge of anaerobic desmolysis has sprung from the 
recent work of Warburg and of Euler and their associates. They have shown that the so- 
called co-enzymes are in reality not activators but tho actual prosthetic groups which 
combine with the proteins, formerly thought to be the enzymes, to form the catalytically 
activo complex. The chemistry of these biocatalysts will be dealt with in chapter D 
(p. 212). Certain coonzymes have the structure of phospho-pyridine-nuclootides. Two 
different co-enzymes (codeliydrase I (cozymase) and codehydrase II), differing in the 
number of the phosphoric acid radicals, have so far been described. The most important 
feature of these discoveries is that these co-enzymes may combine with different protein 
bearers to form enzymes of different specificity. Triose phosphate dehydrogenase, 
alcohol dehydrogenase, lactic dehydrogenase, liexose monophosphate dehydrogenase are 
enzymes built according to this schema. Carboxylase is likewise composed of a protein 
component (hitherto called carboxylase) and a co-enzyme, co-carboxylase. The latter 
is identical with vitamin^-pyrophosphate (Lohmann) and has actually been synthesized 
from vitamin B t in vitro (Stern, Euler). The same compound may be the prosthetic 
group of pyruvic dehydrogenase (Lipmann) (p. 205). 

Tho link between the co-enzyme and the protein bearer is dissociable; dilution will 
establish an equilibrium between free and bound co-enzyme. One protein molecule may 
thus serve as the active surface for a number of co-enzyme molecules (Negelein et al. 
883)). The co-enzymes of these dehydrogenases are reversible oxidation-reduction systems. 
In the course of the catalysis the pyridine moiety undergoes a cyclic hydrogenation — 
dehydrogenation with an exchange of two hydrogen atoms. The oxidized form represents 
a quarternary pyridinium base, while the reduced form is a substituted dihydropyridine 
derivative (Warburg, Karrer). 

The sequence of events in the dehydrogenation of hexose monophosphate (Robison- 
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ester) in vitro has been elucidated by Warburg and his colleagues (l.c. 1285). It may be 
given here as an oxample from which generalizations may be made with respect to 
similar processes. The hexose monophosphate dehydrogenase consists of a specific 
protein bearer and of codehydrase II, a triphosphopyridine nucleotide. In the absence of 
the protein, no reaction between the substrate and the co-enzyme will take place. They 
will react in stoichiometric proportions, yielding phosphohexonic acid and dihydro- 
pyridine nucleotide, only upon adding the protein bearer of the dehydrogenase. The 
dihydropyridine nucleotide thus formed is non-autoxidizable. It is specifically dehy- 
drogenated by the yellow oxidation enzyme the presence of which is therefore required 
for the catalysis. The prosthetic group of the latter, riboflavin phosphoric acid, is in turn 
reduced. The leuco form of this enzyme is autoxidizable. In vivo, however, its reoxidation 
is not effected by molecular oxygon but by a hemin system or by an intermediary cata- 
lyst of the type of oxaloacetic acid (Szent-Gyorgyi).*) It has recently been shown that if 
the yellow enzyme is reduced by hydrosulfite in presence of an excess of co-enzyme 
(cozymase) at neutral reaction, a red intermediate is formed showing the absorption 
spectrum of the cationic semiquinoid form of the flavin enzyme (Haas 430b)). The in- 
teresting point is that the freo semiquinone, i.o. the monohydroform, of tho yellow en- 
zyme in neutral solution is green and not rod (Michaelis et al. 822)). The red form ob- 
served by Haas must be regarded either as tho semiquinone of a yellow enzyme-code- 
hydrase complex or as the cationic radical of tho free yellow enzyme which is somehow 
stabilized in the neutral medium by tho influence of the co-enzyme. Inasmuch as a 
semiquinoid stage has also been observed (Karrer, Hellstrom, p. 216)) in the reduction 
of cozymase, a diphosphopyridine nucleotide, it is probablo that the hydrogenation- 
dehydrogenation reactions just described proceed in steps involving single H-atoms or 
electrons rather than pairs of electrons at a time. 

The chain indicated above is also of significance for general enzyme chemistry: One 
enzyme, the hexose phosphate dehydrogenase, acts as the substrate for another 
enzyme, the yellow ferment. The latter functions hero as a dihydropyridine nucleo- 
tide dehydrogenase. The specific oxidation of reduced cytochrome c by the respira- 
tory ferment represents an analogous case. In order to fulfill these functions the oxidizing 
enzymes must not only have a more positive redox potential than the enzyme system 
which they dehydrogenate, but, in addition, they must exhibit a chemical affinity for 
the latter. It is this affinity which ensures the proper interaction of the links in tho chain 
of respiratory catalysts. 

Effect of Metal Reagents on Acceptor Catalyses. 

While it is obvious that none of the better known motal complexes, particularly 
hemins, participate in acceptor catalyses, the absence of any metals in such processes 
still remains to be proven. It is not known, for instance, whether pigments of the type 
of methylene blue or pyocyanine may completely dispense with metal traces for the 
process of their reoxidation or whether they behave like thiols and ascorbic acid. In the 
case of methylene bluo the oxidation of the leuco base in acid solution is a copper cata- 
lysis while in neutral or alkaline solution it is catalyzed by “surfaces”, e.g. proteins 
(Reid 972)). It is claimed that pyocyanine does not require the aid of a metal. Wieland 
himself (1302, p. 18)) suspects, however, that at least subanalytical traces of metals 
participate also in the so-called “metal-free” reactions. 

The only criterion at our disposal when dealing with complex biological systems is 

*) Tho reoxidation of dihydropyridine in vivo is probably largely accomplished by the 
chemically related enzyme diaphorase (see p. 22G). 
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still the effect of heavy metal reagents, especially of cyanide and carbon monoxide. 
While it is already very difficult to remove completely heavy metals even from simple 
systems, e.g. from methylene blue or ascorbic acid, this is practically impossible in the 
case of biological preparations, e.g. tissue extracts. Specific inhibition remains, therefore, 
the only tool; it is unfortunate that this criterion is far from being unambiguous. All 
that we know about it is that ON' will react with the respiratory ferment, some hemins 
and most ferric complexes. Other catalysts, even if they contain Fe, are not affected 
by this inhibitor, copper systems only a little and manganese complexes not at all. A simi- 
lar situation exists with regard to CO; H 2 S and pyrophosphate show again another 
behaviour. If, therefore, no inhibition is produced by these reagents in biological systems, 
we are only entitled to concludo that they contain no enzymatic hemin in active state. 
But they may contain any number of cyanide-resistant heavy metal catalysts. If, on 
the other hand, an inhibition of an anaerobic process is caused by such reagents it may 
be duo to reaction with a heavy metal, or else it may be due to an entirely different 
mechanism not involving metal at all. It will be remembered that Wieland contended that 
CN' inhibition does not involve iron but the dehydrogenase systems. Though it appears 
that he lias withdrawn in its generality the original assumption that CN' poisons catalase 
and that the H 2 () 2 thus conserved harms the dehydrogenases, Wieland seems to cling to 
the idea that the mechanism of CN'-inhibition is analogeous to that by quinone or similar 
agents: It is assumed that HCN has a marked affinity for the catalyst, that it occupies 
the active centers on the surface and thereby prevents the access of the oxygen just as 
that of other acceptors. The observation that the “quinone fermentation ,, (i.e. the fer- 
mentation with quinone as acceptor) of acetic acid bacteria is inhibited only by com- 
paratively high concentrations of CN' or CO is explained by the greater affinity of qui- 
none for the enzymatic surface as compared with that of the poisons (Bertho 106), p. 
204). This concept may be found in all of the work of Wieland concerning itsolf both 
with anaerobic (cf. Wieland and Claren 1308)) and with aerobic processes, e.g. with 
the dehydrogenation of succinic acid by muscle where the dehydrogenase is said to be 
even more sensitive towards CN' than catalase (Wieland and Lawson 1318)). If there 
are present simultaneously acceptors, oxygen and cyanide, very complex relationships 
will result (seo Franke 288), p. 230)). For the majority of aerobic dehydrogenations 
Wieland’s point of view appears no longer tenable: Inasmuch as cells endowed with 
a typical respiration contain the respiratory pheohemin ferment, the reaction of which 
with CN' has been established beyond reasonable doubt, the cyanide inhibition is due 
here to the ultimate autoxidizable hemin system. On the other hand, we know that a 
very considerable fraction of the anaerobic model reactions as well as of pure dehydro- 
genase processes and of the dehydrogenations effected by oxygen in cells devoid of hemin 
components (e.g. the facultative anaerobic lactic acid bacteria) are cyanide-resistant 
(see for example Leloir and Dixon 711)) while methylene blue and quinone in excess may 
act as competitive inhibitors though, at lower concentration, they represent acceptors. 
There remain, then, the comparatively few indications of cyanide-sensitivity in anaerobic 
acceptor catalyses, considering anoxybiosis as a whole, and a few other observations 
concerning the inhibition of some dehydrogenases by larger CN' concentrations. Recent- 
ly, Ogston and Green 895) found that a number of dehydrogenases are sensitive to 
6.10~ 3 M. KCN; among them are enzymes which do not react with cytochrome (glucose 
and alcohol dehydrogenase). But even the well established cyanide inhibitions are not 
indicative of the participation of iron since the type of reaction between enzyme and 
inhibitor appears to bo different. 
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It is true that the Schardinger enzyme is directly poisoned by 5.10 “ 3 M. KCN 
while CO has no effect (Dixon 208)), Leloir and Dixon 711)). Bigwood 116) also finds 
a reversible inhibition of xanthine dehydrogenase by 0.01 M. CN' which, even anaero- 
bically, is said to be detectable only in the presence of tracos of oxygen. More recent 
observations by Dixon and Keilin 215) suggest that xanthine dehydrogenase (or al- 
dehydrase) represents a special case: when in purified state and when no substrate is 
present the enzyme is slowly and irreversibly poisoned by HCN; neither oxygen nor 
methylene bluo may function as acceptors afterwards. In presence of purines however, 
the enzyme is protected against the poison by the substrate; CO and H 2 S have no effect 
under either condition. It is possible that the cyanide effect, in this case, involves a spe- 
cific reaction with the active group, perhaps of the type of cyanhydrin formation. In 
this respect, the Schardinger enzyme sooms to occupy a unique position among the 
dehydrogenases, just as it is claimed that pyrophosphato will inhibit selectively succinic 
dehydrogenase 711). The claim of Quastel 916) that malonate is an equally specific 
inhibitor for this enzyme which has acquired a special significance in view of Szent- 
Gyorgyi’s recent theory of tissue respiration (p. 268) is being questioned by Weil- 
Malherbe 1287). Alcohol dehydrogenase may be inhibited by heavy metal and sub- 
sequently be reactivated by SH-glutathione (Euler and Adler 274)). Each dehydroge- 
nase, therefore, appears to behave differently. 

At present we have no definite information whether some or all dehydrogenases 
contain heavy metal. The situation becomes oven more involved due to the fact that the 
same substrate may be attacked by different catalytic systems which may or may not con- 
tain a metal constituent. Wo have alroady mentioned above the example of alcohol 
dehydrogenation which, in vitro, may be brought about by a metal-containing (copper 
proteid- phosphopyridine proteid) or by a metal freo (alloxazine proteid-pliosphopyridine 
proteid) system. Only the former is CN'- and CO-sensitive. Cook, Haldane and Mapson 
181) believe that formic dehydrogenase of B. coli contains copper because it is inhibited 
by reagents forming stable complexes with Cu (e.g. amino naphthol sulfonic acid). This, 
of course, is only circumstantial evidence, while the proof offered by Kubowitz 613) 
that the potato polyphenol oxidase contains copper (see p. 181) is unambiguous: the 
activity is strictly paralleled by the Cu content of the enzyme preparations throughout 
the purification procedures. 

Affinity and Rate of Reaction. 

The existence of a great number of donators and acceptors which may conceivably 
take part in acceptor catalyses leads to the question as to the principle which governs 
the sequence of these reactions in biological systems. It is less difficult to understand the 
terminal position occupied in cell respiration by Warburg’s respiratory homin ferment. 
The ferro form is readily autoxidizable and the ferric form exhibits a special reactivity 
towards reduced cytochrome. One molecule of the Fe n -form may "activate” 10 5 mole- 
cules of 0 2 per second while the F ,n -form will ordinarily react with only 10 2 substrate 
molecules (i.e. ferrocytochrome) per second (Kuhn 626)). The latter process is, therefore, 
in vivo the limiting factor of cell respiration. There can be but little doubt that the respira- 
tory ferment represents the most positive redox system in the chain of respiratory 
catalysts. Beginning with oxygen the chain goes as follows: 



Respiratory Cytochrome Cytochrome Cytochrome 

Ferment (1) (2) (3) 
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The cytochrome components are arranged in series and not parallel to each other (Haas 
430a)). The order in which the a, b, and c component are lined up is not yet sure. *) 

The last cytochrome component establishes contact with the series of “metal-free” 
catalysts, i.e. acceptor-enzyme-donator systems, which follow. Among these the number 
of possible combinations is great. We are still essentially unaware of the principles 
which cause the donator-dehydrogenase systems to find the right acceptors. In this 
connection it is important that certain substances which ordinarily are chemically inert 
show a high reactivity in statu nascendi, in other words, if they occur with higher 
than average energy content. In that event they become links in reaction chains propaga- 
ted by energy -rich particles (p. 44). 

It is a necessary prerequisite for an oxido-reductive catalysis that the dehydrogenating 
acceptor must have a higher potential than the donator under the conditions of the 
experiment. However, this is not sufficient inasmuch as the phenomenon of catalysis is 
linked up with reaction rates and not with affinity as expressed by redox potentials. Now 
it is important to realize that, with respect to the potential, the normal potential as 
calculated for ph 7 (E' c ) cannot be always the decisive factor for the actual course of 
step-wise reactions. This normal potential is calculated for the special case of equal con- 
centrations of the oxidized and the reduced form and also for further “normal conditions”, 
e.g. for a concentration of one mole per liter. These conditions are probably never ful- 
filled in biological systems. The normal potential represents only one point on the 
titration curve of a redox system; depending on the electron number, mixtures of the 
two forms may show potentials differing as much as ± 30 to 60 millivolts from the value 
E' 0 , depending on tho ratio Ox/lted. The normal potentials of the very important equili- 
bria Lactic acid Pyruvic acid and also Acetaldehyde Alcohol, as catalyzed by the 
corresponding enzymes, are situated close to — 200 millivolt at ph 7 (p. 54). If it were 
only a matter of the value of the normal potential it would be difficult to visualize an 
equilibrium system of a normal potential sufficiently negative to hydrogenate pyruvic 
acid or acetaldehyde. However, tho occurrence of these reactions in biological systems 
may be understood if the relativo concentrations of tho various forms are taken into 
consideration (cf. Franke 355) and Gershinowitz 398)). If pyruvic acid, the oxidized 
form of the pyruvate-lactato equilibrium, is present in excess relative to lactate and 
if the equilibrium in the donator system is shifted towards tho reduced form, a hydrogen 
transfer from the latter to pyruvic acid should be possible even if the normal potentials 
of the two redox systems are equal and, indeed, even if E' c of the donator system happens 
to be slightly higher than E' 0 of the pyruvate-lactate system. 

There seems to exist a law in biological desmolysis preventing a hydrogen 
transfer to the terminal hemin systems in abrupt jumps bridging big potential differences. 
On the contrary, the hydrogen is passed along over rather small potential increments 
to increasingly positive systems. Such a concept is held, among other workers, by Szent- 
Gyorgyi 1122). He assumes that terminal oxidation in vigorously respiring cells begins 
mainly with the succinic-fumaric acid system which itself has already a rather high 
potential (close to 0 millivolt at ph 7). Now there are many systems of a much more 
negative potential present in the cell and tho question is, why is there no immediate 
reaction botween the components of extreme potential, and therefore of greatest differen- 
ce in level of free energy, omitting the intermediate systems. Since thermodynamics 
cannot yield the required information we must look to kinetics for help. Michaelis 

*) See, however, Bali, (58)) and Oppenheimer’s ,, SUPPLEMENT”, p. 1656: the ordre seems 
to be B— >-C— >-A, cf. p. 85. 
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(804, p. 146) has pointed out that the efficiency of a redox catalyst is optimal only if it is 
rapidly roduced by tho donator and rapidly oxidized by the accoptor. This condition is 
fulfilled only in a rather limited region of oxidation-reduction potential where the 
catalyst exists in a suitable ratio of tho oxidized to the reduced form; otherwise one 
of the two reactions, hydrogenation or dehydrogenation, will suffer. Tho rate of the 
over-all process is of course determined by that of the slowest reaction stop. Miciiaelis 
finds, for instance, that only those dyes will efficiently replace methylene blue in acceptor 
respiration which have a similar E' 0 (methylene blue, + 11 mv., pyocyanine, — 34-mv., 
hallachrome, -}- 22 mv.). Indicators with potentials more negative than that of indi- 
godisulfonate and positive indicators of the typo of the indophenols are inactive. 

It is ordinarily assumed in thermodynamics that there exists no fundamental 
relationship between the velocity and the free energy of a reaction. However, there is 
some experimental evidenco available in favor of a connection between oxidation- 
reduction potential of a system, in other words of its free energy, and its rate of reaction 
with stronger oxidants or reductants. Thus, Conant 176b) in his studies of the “apparent 
reduction potential” of certain irreversible systems (nitro compounds, azo dyes, un- 
saturated 1,4-diketones) observed that their reduction by equimolecular mixtures of the 
reduced and oxidized forms of a reversible dyo was a function of the potential of the latter. 
Similarly, La Mer and Temple 779a) find that the rate of catalytic oxidation of hy- 
droquinone by manganous salts is a linear function of the available free energy of tho 
system. Voegtlin, Johnson and Dyer 1204b) observed that the time required for 
reduction of various indicator dyes decreases with an increase in the normal potential 
of the indicator; they find that the reduction time is approximately a logarithmic 
function of tho electrode potential. In their study of tho rate of autoxidation of a series 
of complex iron salts Miciiaelis and Smythe 825) found an increase of tho reaction 
rate with a decrease in the potential. The tridipyridyl ferrous sulfate with a potential 
higher than + 1 v. is not appreciably autoxidizable. Barron 75) reports that at constant 
ph and in the absence of catalysts there exists a linear relationship between tho E' 0 of a 
number of indicator dyes and the logarithm of the time necessary to effect an oxidation 
of the leuco dye from 2 to 50 per cent. Exceptions are l-naphthol-2-sulfonato-indo-2,6- 
dichlorophenol and hydroquinone, the former being oxidized at a higher and the latter 
at a low T er speed than predicted by the rule. 

Since the publication of Barron’s paper assuring considerations have been forth- 
coming from physical-chemical quarters. Hammett 443a) states: “It is certainly true that 
there is no universal and unique relation between the rate and the equilibrium of a re- 
action; it is equally true that there frequently is a relation between the rates and the equi- 
librium constants of a group of closely related reactions.” His paper should be consulted 
for a review of the known examples of this type of relationship. It may also be mentioned 
that Chow 168) has found that the catalytic effect of such redox systems as ferri- 
ferrocyanide upon the rato of linseed oil oxidation is determined by the potential of the 
catalyst. A theoretical basis for theso observations has rocently boon suppliod by Gershi- 
nowitz 398). This author riders to the theories of the absolute rates of chemical reactions, 
as developed by Eyring, Eice, Stearn and Gershinowitz, which relate kinetic data 
with thermodynamic quantities. These authors have shown that the rate of a chemical 
reaction is given by tho concentration of the reacting system in a certain fraction of the 
total phase space that is available to the systems, multiplied by the velocity with which 
the systems are passing through this region. The configuration of the reacting molecules 
which corresponds to this region of phase space is called the activated complex. The 



MES0CATALY8TS 


93 


free energy of formation of the activated stato is, in general, not identical with the free 
energy change of the total reaction. Inasmuch as the free energy change for a given 
reaction is equal to the difference of the activation energies of the forward and reverse 
reactions, the free energy of formation of the activated state will, therefore, only bo 
equal to the free energy of the total reaction if the energy of activation of the reverse 
reaction is zero. It is this fact which has made obscure the relation between free energy 
and the rato of reaction. Gershinowitz develops an equation relating the rate of reaction 
to tho normal potentials of redox systems reacting with each other which differs from 
an earlier equation from Conant and Pratt in that it contains no arbitrary assumptions 
as to the reaction mochanism. 

b) Model Systems and Intermediary Catalysts. (Mesocatalys ts) *) 

General. 

For the time being it appears preferable to treat the intermediary catalysts separa- 
tely from tho onzymes, though it is possible that at a later date the mode of classifi- 
cation may require certain changes. We shall discuss here those properties of the inter- 
mediary catalysts which are of importance for their participation in enzymatic processes 
whilo their chemistry will be discussed following that of the desmolytic enzymes (pp. 208, 
228); their role in cell respiration will be dealt with in chapter F (p. 261). 

The main function of the non-autoxidizablo intermediary catalysts in the anoxy- 
biontic breakdown of carbohydrates appears to be related less to tho very first stages of 
activation and scission of tho hexose molecule than to the preparation of tho metabolites 
for the ultimate combustion by oxygen. The cell seems to interpose these carriers between 
the negative metabolito-dohydrase systems and tho positive cytochrome-respiratory 
ferment chain. This is suggested by the potential range of these carriers which is inter- 
mediate between the two extreme groups of enzymatic catalysts just mentioned. We have 
to admit however that, with a few exceptions, the actual function of the otherwise well- 
known substances of this group, e.g. glutathione, ascorbic acid, and certain quinoid 
compounds, is still largely a matter of speculation. 

Metabolite Systems. 

Ascorbic acid (Vitamin C) and Reductones: 

Tho relationship of tho reduced form of the reversible redox system, ascorbic acid, 
to the oxidized form, dehydroascorbic acid, is that of a dienol to a diketone. Ascorbic 
acid may be readily oxidized and may thus reduce a variety of substances with the pro- 
bable exception of molecular oxygen in tho absence of special catalysts (p. 209). If the 
oxidation consists only in dehydrogenation with a loss of two H-atoms, tho dehydroascor- 
bic acid may readily be reduced back to ascorbic acid by H 2 S, e.g. after oxidation by 
0 2 -f- Cu at acid reaction; after oxidation in neutral solution only a small fraction of the 
ascorbic acid may be recovered by hydrogenation, while autoxidation at a ph above 7.6 
leads to irreversible destruction (Barron 79)). Apparently the living cell is also capable 
of reversibly reducing dehydroascorbic acid, since the latter has the same vitamin C 
activity as the reduced form (cf. Zilva 1382)). 

Ascorbic acid reacts with a number of suitable acceptors: quinone will dehydrogenate 
it rapidly, methylene blue only slowly in spito of its sufficiently positive potential; Cu 
catalyzes this reaction (p. 67). The rate goes through a minimum between ph 5 and 7 
(Euler et al. 265)). Reductones reduce methylene blue rapidly in comparison with ascorbic 


*) See also B. Kisch 571). 
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acid. The behaviour towards glutathione suggests the establishment of equilibria (see 
p. 98). It is still a controversial question whether there exists a specific ascorbic acid 
oxidase the occurrence of which in plants has been reported by Szent-Gyorgyi 1119), 
Zilva 1382), Tauber and Kleiner 1144a). On the one hand it is difficult to dif- 
ferentiate clearly between an enzymatic process and a less specific catalysis by Cu 
(p. 67) or by quinoid substances (Zilva). On the other hand the possibility exists that, 
at least in animal tissues where there is no oxidase of this type, pyridine containing en- 
zymes or the yellow ferment may intervene. For details see Oppeniieimer’s “Supple- 
ment”, p. 1587, and Tauber’s review (1144a), 

Ascorbic acid is credited with a variety of catalytic or inductive functions. Jorissen 
608) finds an oxidation of lactic acid. Holtz 493, 491) reports that ascorbic acid and the 
reducing substances produced by irradiation of sugar solutions with ultraviolet light 
or X-rays increase the oxygon uptake of unsaturated fatty acids and cause an induced 
oxidation of sugar in phosphate buffer. The observation of Harrison 460) was of par- 
ticular intorest. He observed that tho addition in vitro of ascorbic acid to liver and muscle 
tissue of scorbutic animals provoked an increase in respiration. This was considered to 
be the first demonstration of an in vitro-effect produced by a vitamin. According to 
Quastel and Wheatley 949) this effect is concerned with fatty acid oxidation since 
the addition of ascorbic acid to liver slices will enhance the conversion of butyric acid 
and other fatty acids into acetoacetic acid. Upon reinvestigating the results obtained 
by Harrison, King and his associates (1106b)) conclude that the oxygen consumption 
of tissues caused by ascorbic acid equals the sum of the original respiratory oxygen plus 
the 0 2 -volumo required for the oxidation of the ascorbic acid. If this is accepted, Har- 
rison’s results can no longer be interpreted as an effect of vitamin C on tissue respiration. 

Ascorbic acid, as a reducing substance, is stated to protect thiols, epinephrine, and 
dihydroxyphenylalanine (Dopa) against oxidation (1, 1034)). Conversely, epinephrine 
has a protective action on ascorbic acid (1369)); this may have some relation to the pro- 
tective action of tissues on the vitamin (760, 664)). 

1-Histidine is converted by ascorbic acid to histamine (Holtz 496)). While this 
indicates that tho vitamin is a model for tho enzyme Histidase, Edlbacher et al. 228) 
have found recently that ascorbic acid in tho presence of iron or hemin will deaminato 
histidine as well as histamine; accordingly, ascorbic acid would beaHistaminase model, 
showing a pronounced ph-optimum at 7.2 (at 88°). After having reinvestigated the pro- 
blem, Holtz 494) still would prefer to designate ascorbic acid as a histidase rather 
than a histaminase model in view of the fact that the ammonia formed from 
histidine and from histamine under the influence of ascorbic acid or histidase is dorived 
from ring nitrogen while the ammonia produced by histaminase originates from the side 
chain of the substrate molecule. 

The activation of papain and cathepsin by ascorbic acid or by its iron complex 
(Karrer, Purr, Maschmann) is probably due to a reduction of the inactive disulfide 
form of thcso enzymes to the active thiol form (see Bersin 101a)). 

We know very little about the role played by ascorbic acid in cell metabolism. The 
consideration of the various possibilities hinges upon the question of tho reversibility of 
ascorbic acid as a redox system and on the value of its potential. The experiments of 
Karrer et al 630a), Green 414) and Laki 689) answered the question as to the rever- 
sibility in the negative. The evidence adduced by Georgescu 393), Wurmser and 
Loureiro 1360) and Borsook and Keighley 139) spoke in favor of reversibility. 
Becent work by Fruton 379) and Ball 68a) justifies the conclusion that the system 
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ascorbic/dehydroascorbic acid is reversible between ph 5 and 7. The sluggish electrode 
behaviour of the system is due to secondary reactions leading to irreversible changes 
of the primary oxidation product. By using small amounts of suitable dyes, e.g. tliionine, 
as electroactive mediators between the ascorbic acid system and the noble metal elec- 
trodes, Ball was able to determine the equilibrium between the vitamin and the pri- 
mary dehydro-product. The normal potential of the system at ph 7.2 is + 51 mV. which 
classifies ascorbic acid as a system of a reducing intensity similar to methylene blue. 
The fact that it readily reduces Tillmann’s indicator — 2,6-dichlorophenol-indophenol — 
which is a very positive redox system (E' 0 = + 0. 217 V. at ph 7) has often been cited, 
without justification, as evidence for the strongly reducing properties of ascorbic acid. 
It is, in fact, a weakly reducing system. 

The redox potential of pure roductone (enol-tartronaldehyde) has also recently 
been measured. According to Wurmser et al. 1365) the normal potential at ph 0 equals 
+ 0.282 V.; the system is measurable only up to ph 6. 

At present there is hardly any indication for a participation of ascorbic acid in 
anaerobic fermentation reactions. It would bo easier to assume that its place is in 
the first stages of oxybiosis, perhaps somewhere in the neighbourhood of the yellow fer- 
ment, especially if it is believed that ascorbic acid, similar to the yellow enzyme, may 
transfer hydrogon directly to the terminal hemin system or to other iron 
compounds. Szent-Gyorgyi, some time ago, visualized a direct oxidation catalysis via 
ascorbic acid: after dehydrogenation of the metabolites the hydrogen is transferred 
(through the copper complex and t hen a specific ascorbic acid oxidase) to molecular oxygen. 
It is, indeed, not impossible that ascorbic acid and similar carriers cooperate with heavy 
metal catalysts in ultimate oxidation reactions. One could think of a direct dehydroge- 
nation of ascorbic acid by cytochrome in the course of normal cell respiration. McFarlane 
869), on the other hand, assumes on tho basis of model experiments with ionized ferric 
salts, ferric lactate, iron-protein complexes, that ascorbic acid, in vivo, is able to maintain 
the entire tissue iron (not the respiratory ferment) in the ferrous state by reduction. 
Thus, an induced oxidation, by Fe (2), of fatty acids, for instance, might conceivably 
be coupled with a stoichiometrical regeneration of Fe (2) from Fe (3) by ascorbic acid; 
since the latter is continually produced in or absorbed by the cell, the over-all aspect 
of the process would be that of a catalysis. Furthermore, ascorbic acid might be peroxi- 
datically oxidized by the iron systems of the tissues in conjunction with primarily formed 
H 2 0 2 (pp. 70, 123). Such a drastic decomposition is, however, unlikely in view of the 
faculty of living cells to reduce dehydroascorbic acid. 

Thiol Systems, Glutathione: 

The most important sulfhydryl compound in living cells is undoubtedly gluta- 
thione. There are hardly any indications that free cysteine or similar simple compounds 
are of significance for desmolysis, with the possible exception that they may act as auxi- 
liaries in the oxidation of glutathione. Thus, there remain besides this tripeptide of 
glutamic acid, glycine, and cysteine only the SH- groups contained in proteins and higher 
polypeptides. It is certain that these are capable of dehydrogenation and reduction in 
the cell. Cathepsin, the intracellular proteinase in animal tissues, and papain, the cor- 
responding plant enzyme, appear to bo proteins and are apparently only able to hydro- 
lyse peptide bonds of their substrates when they exist in the reduced (SH-) state; in the 
S-S-form they may exert a synthesizing action. This is concluded from Voegtlin’s 
1204a) experiments: proteolysis in tissue suspensions proceeds most rapidly in a nitrogen 
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atmosphere, while in oxygen protein synthesis is favored. •) It may ho argued, of course, 
that this effect is due to tho state of oxidation-reduction of glutathiouo rather than of 
the enzymes themselves. It is true that both tho “zookinase” (Waldschmidt-Leitz 
et al.) and the “phytokinase” (Grassmann et al.) of cell proteinases have been shown to 
be identical with SH-glutathiono. But tho effect of this thiol like that of other activators 
(cysteine, II., S, HCN) is to bo ascribed to their reducing action on the disulfide groups of 
the enzymes. Therefore, in the last analysis, the effect of tho oxygen pressure on pro- 
teolysis may bo due to the shift in the SS 2 SH-equilibrium in the enzymatic proteins 
with glutathione acting merely as a go-between. However, there exist certain obser- 
vations which militate against this view. SS-glutathiono which, according to this hypo- 
thesis, should have the same effect as oxygen on tho proteinases is apparently quite inert. 

According to Anson 31a) highly purified cathopsin is activated neither by cysteine 
nor by HCN. Tho effects observed with crude enzyme preparations may have been due 
to the removal of inhibitors by these “activators”. It will be remembered that such an 
explanation was advanced several years ago by Krebs 598a) who found that the activity 
of papain is increased by the removal of traces of heavy metals from the substrato (ge- 
latine) by complox forming substances, e.g. HCN, prior to addition of the enzyme. 
However, the incomplete removal of the HCN after the treatment of the substrate might 
possibly explain the activating effect observed by Krebs. Moreover, his theory cannot 
explain the activating effect of certain very stablo heavy metal complexes, e.g. tridi- 
pyridyl ferrous sulfate, on cathopsin (Michaelis and Stern 827a). A thorough rein- 
vestigation of the problem with highly purified cathopsin and crystalline papain as they 
are now available should bo able to elucidate the mechanism of tho various effects pre- 
viously observed. The promotion of protein synthesis by increased oxygen tension may 
possibly find an altogether different explanation: the energy required for the endothermal 
back reaction might be furnished by simultaneously occurring oxidation reactions (ener- 
getic coupling). It should be born in mind that Voegtlin’s experimental mixtures con- 
tained a large variety of enzymes and substrates besides the proteolytic system. 

In certain instances the function of the sulfhydryl group appears to consist, indeed, 
in its combination with inhibiting traces of heavy metal. An example is the “acti- 
vation” of alcohol dehydrogenase by glutathione, with methylene blue as acceptor 
(Wagner-Jauregg and Moller 1211)); see also Schoberl 1029, 1030)). Another 
hypothesis is that SH-glutathione removes Hj0 2 or “active oxygen” (Gosh 402)). 

The main function of glutathione is generally considered to be that of a reversible 
redox system which operates 111 conjunction with the other oxidation catalysts of tho 
cell. Here we havo to admit that the story of glutathiono has been rather disappointing 
and is still far from being completely written. When Hopkins announced the discovery 
of glutathiono in 1921 he ascribed to it an important role in intermediary hydrogen trans- 
fer processes. Such a rolo would obviously have to depend on full reversibility of the 
redox system formed by the SH- and the SS-forin under physiological conditions. All 
attempts to demonstrate such a behaviour in vitro have more or less failed (cf. Wurm- 
ser 1354), p. 157), Michaelis 804), p. 152), and Bumm 154)). Green 413) also roports 
that glutathione, in vitro, behaves like an irreversible system. This means that mixtures 
of the reduced and oxidized form fail to impart a stable and constant potential to noble 
metal electrodes; as in tho case of cysteine the potential levol appears to be solely deter- 
mined by the reduced form and, moreover, the values recorded by individual electrodes 
differ considerably. In the case of cysteine Fruton has boen able to reach an equilibrium 

*) For Details see Oppenheimer’s “Supplement”, p. 917 , 919 . 
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condition or at least a steady state by permitting it to react with the oxidized form of a 
suitahle redox indicator (indigodisulfonate) over a relatively long period. The final 
degree of oxidation of the dye as derived from the color intensity was assumed to cor- 
respond to the potential established in the SS-SH-system. The reversibility was deduced 
from the fact that the equilibrium state could also be approached by adding cystine 
to the leuco form of the indicator. It is quite possible that glutathione would show a 
similar behaviour under these conditions. However, the slowness of this process would 
be a prohibitive factor in a consideration of the physiological requirements where biocata- 
lysts change their state of oxidation-reduction many hundred times a second. There 
exists the possibility that in the cell the change-ovor from one form of glutathione to 
the other is greatly accelerated by a catalysis. Bikrich et al. 112) are inclined to deny the 
functioning of glutathione as a redox system in cell metabolism becauso they wero unable 
to demonstrate the presence of the disulfide form in fresh tissues. Perhaps it is not the 
disulfide form which forms the redox system with the sulfhydryl form but an inter- 
mediary form as Kendall and Nord 891, 559) suspect. 

It would appear that neither the hydrogenation of glutathione by a donator nor 
tho dehydrogenatio n by an acceptor are as simple as in the case of other carriers. The 
first attempts to demonstrate a reduction with the aid of dehydrogenase systems (cf. Rumm 
154)) wero unsuccessful; consequently Bertho 105) was inclined to ascribe to the S-S 
grouping a lack in affinity just as some other groupings are unable to act as acceptors. 
Later the reduction of glutathione could be brought about by experiments with tissue 
suspensions. This is achieved at tho expense of an unknown donator and with the coope- 
ration of a protein containing free SH-groups. The biological materials wore muscle 
(Hopkins and Elliott 498)), powdered tissues suspended in dilute serum (Wurmser 
1355)), sea-urchin eggs (Kapklne 960)), and erythrocytes (Meldrum 777)); yeast, ac- 
cording to the last author, was ineffective. Rapkine found a further catalysis with the 
participation both of glutathione and methylene bluo. The mechanism of these reactions 
is still obscure. It may be that the role of the donator is played by the strongly reducing 
sugar derivatives (including ascorbic acid) which, according to Wurmser, are present 
in the cell, if this were true glutathione would exert its redox function at a rather early 
stage of desmolysis. One might assume, for instance, that it may take over the hydrogen 
from the reduced form of the phosphopyridinenucleotide (cozymase). Inasmuch as this 
oxidation is ordinarily performed by the yellow enzyme or by diaphorase, we would have to 
assume either a competition between the two redox systems for tho dihydropyridine 
compound or else a reaction between SS-glutathione and tho reduced form of the flavo- 
protein. At present this problem is still entirely in the realm of speculation. 

The general significance of sugars for the reduction of glutathione has been demon- 
strated in model systems as well as with intact cells. Both Mann 754) and Sen 1043) 
were able to reduce glutathiono by glucose plus a dehydrogenase preparation from liver. 
Neither succinic acid nor lactic acid are suitable as donators (Elliott 240)). In tho case 
of intact cells the part played by sugars is indicated by indirect evidence only: The 
depleted liver of fasting animals is incapable of reducing glutathione. On the other hand, 
the addition of glucose, fructose and other sugars to pneumococci (Dubos 221)) and intact 
red blood corpuscles (Meldrum 777)) causes a considerable increase in free SH-groups, 
presumably attached to glutathione. Kuhnau 622) and Tsukano 1188) think of special 
sugar derivatives, e.g. phosphates, as donators. It has actually been shown by Meldrum 
and Tarr 779) that hexosephosphate plus pyridino-enzyme will reduce glutathione. 
The same holds for phosphohexonic acid and zyraophosphate but not for phospho- 
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glyceric acid or hexoses. Probably C 3 -compounds are the active donators as in all ex- 
periments dealing with the pyridine-enzyme. How this ties up with the only well- 
established function of SH-glutathione, namely, to act as the coenzyme of ketonealde- 
hyde mutase (glyoxalase) in the transformation of methyl glyoxal to lactic acid (Lohmann 
731)) is not yet understood. The effect is related to the mechanism of the Pasteur- 
MEYERHOF-reaction by Bumm and Appel (155) and also to the breakdown of carbo- 
hydrates without participation of phosphoric acid radicles in certain cell types (p. 244). 
It is, of course, possible that a part of the "sugar derivatives” is identical with ascorbic 
acid the behaviour of which towards glutathione is amenable to experimentation. It is 
claimed that ascorbic acid is partly responsible for the accumulation of glutathione in the 
SH-form (112, 1005)) and that it maintains the potential required for proteolysis (Purr 
940)). Conversely, SH-glutathione protects ascorbic acid against oxidation by air (164)). 
According to Hopkins 499) this is to be explained by complex formation between 
glutathione and catalytically active traces of copper. The protection against oxidation 
by plant extracts, on the other hand, is explained by the fact that the tripoptide is 
oxidized more roadily by the oxidase than is ascorbic acid. The latter is therefore only 
attacked after all of tho glutathione has been oxidized. Howover, Pfankuch 926) 
observed a rapid reduction of dehydroascorbic acid by cysteine in plant extracts. In 
tho case of liver slicos the ascorbic acid is protected against oxidation only if the glu- 
tathione is present in large excess. According to Barron 78) the same is true in the plant 
extract systems studied by Hopkins. 

Ascorbic acid retards the so-called autoxidation of cysteine (Holtz 494)) while, 
conversely, SH-groups inhibit the Cu catalysis of ascorbic acid. These observations favor 
the view that the two redox systems may enter an equilibrium reaction. Borsook and 
Jeffries 137) have actually claimed that SH-glutathiono may reduco dehydroascorbic 
acid under physiological conditions. This had not been observed by Pfankuch 926) 
or Bersin et al. 102). The latter author, however, states that at ph 6.48 as well as 7.88 
SH-glutathiono will prevent the "autoxidation” of ascorbic acid. In any event, mixtures 
of tho two compounds are not susceptible to autoxidation. 

Still loss is known concerning the dehydrogenation of glutathione by defined 
biological systems. The catalytic oxygen transfer is very small in the case of 11 dehy- 
drogonase systems tested (Ogston and Green 895)); the dehydrogenation and not the 
reduction is the limiting factor. But it has been shown, at last, that there exists in prin- 
ciple an oxygen transfer via glutathione (and cysteine). The sugar phosphate-pyridine 
enzymo system of Meldrum and Tarr 779) may utilize oxygen as the acceptor, though 
less efficiently than flavin or methylene blue (confirmed by Ogston and Green 
895)). The reoxidation of glutathione may be effected by a thermostable, cyanide sen- 
sitive metal system in the cell, probably identical with Fe-cysteine (Hopkins 498)). In 
kidney slices SH-glutathione is dehydrogenated by acetoacetic acid (Quastel 950)). 
In model experiments glutathione (and also cysteine) will transfer oxygen also to lactic 
and /J-hydroxybutyric acid (Harrison 462)). The dehydrogenation of glutathione by 
alloxane is probably an unphysiological model reaction, just as the oxidation by dyes 
as investigated by Kendall and Nord 559). 

Though it is likely we do not know as yet whether the catalytic oxidation of glu- 
tathione in the living cell is accomplished by cytochrome. According to Bigwood and 
Thomas 1 18) purified cytochrome c is readily reduced by glutathione. Glutathione may 
transfer hydrogen to the hemin systems in this manner. It has to be borne in mind, 
however, that SS-glutathione could not be detected in tissues 112). Pirie 930) finds that 
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SH-glutathione, after hydrolysis, cysteine, and also methionine are oxidized to sulfate 
by liver and kidney slices in vitro. Copper may play the role of a catalyst in this process. 
The reaction apparently does not proceed via the disulfide stage since cystine is not 
oxidized in this system. It is also possible, just as in the case of ascorbic acid, that 
SH-glutathione reduces some iron compounds in the cell, e.g. cytochrome, and that tho 
hydrogen peroxide formed upon reoxidation to the SS-form attacks the disulfide in a 
peroxidatic reaction and causes the formation of irreversible end products. 

Little useful information has been forthcoming from experiments on the effect of 
glutathione when added to living cells. According to Bosenthal and Voegtlin 1005) 
glutathione has no effect on the respiration of normal tissues and yeast. But Sll-gluta- 
thione will decrease the glycolysis in muscle with glycogen as the substrate; in other 
tissues, where glucose is tho substrate, the anaerobic glycolysis is decreased to the level 
of aerobic glycolysis. Geiger 389) considers the oxidation of glutathione as tho primary 
process underlying the Pasteur-Meyerhof effect. Bumm and Appel 155), in the con- 
trary, observed no effect of SS-glutathiono on the anaerobic glycolysis of tumors; they 
report a significant rise in the aerobic glycolysis, in other words an inhibition of the 
Pasteur reaction, by SH-glutathione. This observation is related to the “co-enzyme” 
function of glutathione in tho glyoxalaso system (Lohmann 731)) which is assumed to 
dismutate the methylglyoxal formed in tumors by the “phosphorus-free” schema of 
Bumm and thus to inhibit the resynthesis of glycogen. For details see Oppenheimer’s 
Supplement”, p. 1292. 

* * 

♦ 

Other possible intermediary catalysts are methylglyoxal (Neubkrg and 
Kobel 885); Risen 568)), phosphohexonic acid (Warburg 1255)), acetoacetic acid 
(Quastel 512 f 950)), oxaloacetic acid (Krebs (p. 274)), citric acid (Krebs and Johnson 
611)), fumaric acid (Szent-Gyokgyi 1124, 1123); Quastel 945, 946); Boksook and 
Keighley 138); Wieland et al. 1304)), trimethylamine oxide (Ackermann 3)). The 
role of the C 4 -acids will be discussed in the chapter dealing with cell respiration (p. 268). 

JJJT' 7 Quinone Catalyses. ^ 

The general mechanism of this group of processes is as follows: with the aid of a 
specific enzyme, the oxidized form of a reversible systom, mostly a quinoid dye, dehy- 
drogenates a metabolite and is thereby transformed into tho reduced form, the louco dye. 
The latter is either truly autoxidizable and regenerates the oxidant by reaction with 
molecular oxygen or else the system contains a heavy metal forming an autoxidizable 
complex with tho leuco compound. It does not matter for tho purposes of the present 
discussion whether the metal renders the reoxidation possible or whether it merely speeds 
up the process to useful reaction rates. From the descriptive point of viow wo may divide 
the phenomena in this field in two categories, viz. the catalytic oxidative deamination 
of amino acids by quinones and the accoptor respiration proceeding with the aid of exoge- 
nous or endogenous quinoid dyes. 

It has become almost a commonplace that these quinones may oxidize the reduced 
forms of such redox systems only which possess a more negative potential, thus yielding 
free energy upon reaction. The occasional neglect of this principle has caused some con- 
fusion, inasmuch as the effect of such “oxidizing” systems has occasionally been 
investigated with the aid of thermodynamically impossible donators. It has been attemp- 
ted, for instance, to dehydrogenate the strongly positive pyrocatechol by the much more 
negative methylene blue. 
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Somiquinones as Intermediate Steps of Oxidation-Reduction Systems.*) 

Reversibly reducible organic dyes have a quinoid structure while the corresponding 
leuco-dyes have a benzenoid structure. The over-all change between the two forms 
involves a difference of two hydrogen atoms or two hydrogen equivalents (electrons). 
Until recently it was held that this bivalent change takes place in a single step: 

Dye + 2 H ^ Leuco-dye. 

This assumption has now been shown to be erroneous. In a certain number of instances 
it has been demonstrated that this bivalent process actually occurs in two successive 
univalent steps involving a half-reduced (or half-oxidized) intermediate. This inter- 
mediate must be a molecule containing an unpaired electron and it must therefore have 
the character of an organic radical. In all instances whero such an intermediate has 
been detected, the chromophoric group which is usually identical with the group under- 
going reversible reduction consists of two atoms of the same kind, e.g. 2 N-atoms in the 
phenazinc group and 2 O-atoms in the quinones. Compounds like the thiazines, oxazines, 
or acridines, the chromophoric group of which consists of two different atoms, show no 
detectable intermediate formation. 

Let us consider, as an example, the oxidation-reduction of tetramothyl-p-phenylene 
diamine: 
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U = CH 3 ; e is the oscillating electron. 

The intermediate form is a half-reduced and half-oxidized radical, a serniquinone 
in the terminology of Michaklis. Its relative stability is explained by assuming that the 
formula shown is not statically rigid but that the radical has a free electric positivo charge 
oscillating between the two symmetrical halves of the molecule, with the intermediation 
of the carbon skeleton. This state of affairs is known as a "resonance” phenomenon. The 
resonance energy is particularly large if the two atoms linked by the odd electron are 
identical. The greater the resonance energy involved the greater the stability of the 
radical which explains the observation of such semiquinoid forms only in the case of 
symmetrically built molecules. 

It is obvious that such a radical will show a tendency to change into the fully re- 
duced or fully oxidized form of tho dye if a suitable acceptor or donator is provided. The 
facilitation of an oxidation or reduction process by the intermediate is therefore equi- 
valent to a catalytic effect if the system is compared with one incapable of semi- 
quinone formation. It is highly significant that in all instances of biologically 
occurring quinoid redox systems the existance of a semiquinoid radical 
has either been directly demonstrated or else made probable by poten- 

*) This section is largely based on the recent review of the serniquinone problem byL. Michae- 
TjIS 805). 
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tiometric or optical methods. In order to name specific examples, semiquinone 
formation has been proven for pyocyanino, chlororaphin, and the flavin group. It has 
been made probable for the case of hallachrorne, toxoflavin, and pyridine nucleotides. 
It is very suggestive, therefore, to assume that these biological redox systems exert their 
particular physiological function by virtue of their ability to form measurable amounts 
of semiquinone under the conditions of their natural environment. 

Intermediates appearing in the reduction of quinones, called quinhy drones or 
meriquinones, have been known for a long time. The best -known quinhydrono is 
that of benzoquinone because of its wide use for ph-determinations. Compounds of this 
typo have usually been regarded as molecular addition compounds between the quinoid 
and benzenoid form of tho redox system. This view was based on the belief that a free 
organic radical would bo unstable or would readily polymerize like triphenvl methyl. 
The first one to question the formulation of the meriquinones as static or dynamic mole- 
cular compounds was Hantzsch 419). He suggested the possibility of a radical-like 
structure on the basis of spectroscopic observations made on the green, half-reduced 
form of N-mothylphenazonium iodide. Quinhydroncs in aqueous solution are usually 
in a measurable state of equilibrium with the quinoid and benzenoid forms. In other 
words, a pure, crystalline quinhydrone, upon being dissolved will suffer a dismu tation, 
according to the schema: 

2 quinhydrones 1 quinone -f- 1 hydroquinone. 

The position of this equilibrium may vary depending on the compound involved and 
on the ph. Because of this spontaneous dismutation it is practically impossible to pre- 
pare pure solutions of meriquinones. This renders difficult the application of the ordinary 
methods of determination of molecular weight to the solution of this problem. Although 
Weitz et, al. 1290) claimed to have obtained evidence for the radical nature of several 
meriquinones, e.g. dipyridilium complexes, by an ebullioscopic method, Michaeijs 805) 
contests the validity of his technique and of his conclusions based on his results. Un- 
ambiguous evidence for the radical nature of these intermediates was offered for tho 
first time independently by Eriedheim and Miciiaelis 370) and by Elema 233) on tho 
basis of potentioinotric findings on pyocyanino. They observed that upon reductive 
titration of this bacterial pigment in weakly acid solution the color change is not from the 
red, acid quinoid form to the colorless benzenoid form, but that an intermediate green 
compound is formed. The titration curve shows two well separated steps. The green inter- 
mediate differs from the red oxidized and the colorless fully reduced form by one hy- 
drogen equivalent while the molecular size is the same. This finding doos not permit of 
any other formulation of the intermediate than that of a free, cationic radical. 

Both Michaelis and Elema developed a mathematical theory on the subject. 
Furthermore, they reported on a number of other organic redox systems where semi- 
quinone formation may be demonstrated. 

Mathematical Theory: If an organic redox system incapable of semiquinone 
formation is subjected to potentiometric titration, the midpoint of the titration 
curve is called the normal potential at the hydrogen ion concentration chosen. 
This potential, as already been explained (p. 50), is that of a mixture of equal 
amounts of the oxidized and reduced forms which differ by 2 hydrogen equi- 
valents from each other. The slope of tho titration curve is, by definition, that of 
a two-electron system (n = 2). A measuro of the slope is the index potential, i.e. 
the difference in millivolts between the mid-point of tho curve (50% reduction or oxi- 
dation) and the point corresponding to 25 or to 75 % reduction. The index potential, 
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E j, for a two-electron system is 14 mV. For a one-electron system, e.g. an iron complex 
salt, it is 28 mV. If the reduction of the system under study occurs in two individual 


steps each involving one hydrogen equivalent, the mid-point of the titration curve is 
no longer the true normal potential, E 0 , hut only of statistical significance. It is now 
called E m or the “mean normal potential”. In equal distances from this point there are 
now located the mid-points or normal potentials of the two individual reaction steps: 
E x is the normal potential of the system formed by the fully reduced and the half-re- 
duced (semiquinoid) forms while E 2 is that of 



an equimolecular mixture of the half-reduced 
and the fully oxidized forms. If there is no 
overlapping between the two individual steps, 
the slope of each “half-curve” corresponds to 
that of a one-electron system (Ej = 28 mV.), 
as shown in Fig. 1. 

Such a perfect separation, however, is only 
found under special conditions, namely in a 
ph-range where tho stability of the particular 
semiquinono involved is high. In some instances 
this condition is met in the acid ph-range (e.g. 
Pyocyanine, flavins), in others complete sepa- 
ration of the two steps is only encountered in 
the alkaline ph-range (indigosulfonates (Shaf- 
fer), quinones). At other hydrogen ion con- 
centrations the two steps will be found to over- 
lap to a smaller or greater extent. Still further, 
the two curves relating E x and E 2 to ph will 
intersect and from there on the relationship be- 
tween the two values is inverted. In other words, 
the normal potential of tho semiquinone-fully 
reduced form-system is now somewhat more 
positive than that of the fully oxidized form- 
semiquinone system. This fact cannot be obser- 


Fig. 1. Potentiomotric oxidative titration 
curve of a-hydroxyphenazine (Michaelis 
805)). The leuco-dye was titrated with ben- 
zoquinone as oxidizing agent at ph 1.00. 
Abscissa: benzoquinone added; Ordinate: 
potential as referred to the hydrogen 


ved directly, i.e. by optical methods, although 
in some instances somewhat mixed colors have 
been noted. The proof for this anomalous state 
of affairs is based on potentiomotric evidence 
only, i.e. on the value of the index potential in 


electrode. 


this range. Unfortunately, small differences in 


index potential correspond here to rather large 
differences in the position of Ej and E 2 , and the determination of the index potential 
is subject to certain experimental errors of an order of magnitude similar to that of 
the effects to be expected from the anomalous situation of the two normal potentials. 
In any event, it is important to note that this inverted relationship is encountered in 
the physiological ph-range. Its significance for biological oxidative catalysis will be 


discussed further below. 


It has already been mentioned that the semiquinoid form (S) may reversibly dis- 
mutate into equal amounts of the fully reduced (R) and fully oxidized (T) form: 2 S 
R-f T. The equilibrium constant of this dismutation is 
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The reciprocal value of this dismutation constant, K = • i 8 called the formation 


constant of the semiquinone. The formation constant may be calculated with the aid 
of the experimentally determined index potential, Ej. Michaelis (cf. 805) has given a 
table permitting the interpolation of K for any degree of reduction of the dye (a). Later, 
Elema 235) developed the complete equation 

RT 4a 

E = Em 'IT ln (i_l a ) VK + VK (1— 2a) 2 -f 16a (1— a) 
where F = 1 Faraday or electrochemical equivalent, R — gas constant in the electrical 
system, and T = absolute Temperature (Kelvin). This equation yields 
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(Elbma 236)), 


It is also possible to determine K by direct graphical interpolation of the experimen- 
tal titration curve without using Ej (Elema 236)). To this end, Elema uses the difference, 
D, (called S by Elema) between E m and the point of intersection of the tangent to the 
curve through this point with the ordinate. One obtaines thus D = RT/F (2 -4" a/K) 
and, resolved for K and for 80° : K = (76.63 D — 2) 2 . 

The formation constant, K, of a semiquinone may assume widely varying values 
for the same dye depending on the ph and the state of dissociation of the dye-salt. In 
the case of a dyestuff cation K will increase with decreasing ph-values, and it will increase 
with ph in the case of a dyestuff anion (see for instance Michaelis and Hill 815)). 
For the case K = 0, E x becomes equal to E 2 and also to E m ; the oxidation takes place 
in a single bivalent step. *) 

Recently, the theory has been further developed by Michaelis to cover the pheno- 
menon of dimerization of the semiquinoid radicals. Such a dimerization has long been 
known to occur with organic radicals of the type of triphenylmethyl and diphenylnitride. 
Michaelis and Fetcher 812) have been able to demonstrate the existence of this pheno- 
menon in the instance of a reversible redox system, namely, phenanthrenequinone-8-sul- 
fonate. There exists an equilibrium between the four forms of the dye: the oxidized, 
the reduced, and the two intermediate forms (monomer and dimer of the semiquinone). 
In accordance with this equilibrium the formation of the dimer is favored by increasing 
the total concentration of the dye. They could also show that not only the semiquinone 
formation constant but also that of the dimer and the dimerization constant depend on 
the hydrogen ion concentration. Michaelis and Schwaezenbach 824) have now also 


♦) The values for individual systems have been compiled by W. Roman (Tab. Biol. 16, 110 
(1938)). 
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reexamined the case of riboflavin from this point of view. The technique consists mainly 
in carrying out potentiometric titrations at various absolute concentrations of the dye. 
Inasmuch as the dimerization is a bimolecular process it should be favored by an increase 
in concentration and vice versa. They find that at low concentrations, including the con- 
centration range occurring under physiological conditions, the intermediate form is en- 
tirely present as tlio monomer radical. In higher concentrations of the dye a partial 
dimerization of the radical takes place. 

Michaelis et al. 811, 818) were able, furthermore, to confirm the potentiometric 
results obtained with phenanthrenequinone-3-sulfonate by measurements of the changes 
of the magnetic susceptibility in the course of the reduction of the dye. 

Perhaps the most complex relationships so far encountered in roversiblo redox 
systems are those obtaining in the pentacyano-aquo-ferriate and -ferroate system. 
Michaelis and Smythe 827) interpret their potentiometric results by assuming that 
each of the two iron complexes is present in solution as a quadrimolecular aggregate. 
Between the ferri and the ferro form there exist three intermediate forms in which a 
part of the four Fe atoms is in the ferri and the rest in the ferro state. The molecular 
aggregation is tentatively explained on the basis of hydrogen bonds between the coor- 
dinatively bound water molecules of the complexes leading to an eight-membered ring. 
It is quite possible that these results may some day acquire considerable biological im- 
portance in the event that it should be possible to discover such partly reduced and partly 
oxidized intermediates in the case of hemin proteins. There are four hcmin groups con- 
tained in one molecule of hemoglobin and it is not impossible that there exist intermediate 
stages between the fully reduced ferrohemoglobin and the fully oxidized ferrihemo- 
globin (methemoglobin) which would be formally analogous to the intermediates in the 
pentacyano-aquo-iron system. In this connection it might be mentioned that it has so 
far not been possible to secure evidence for the existence of partly oxygenated and 
partly reduced hemoglobin intermediates (Conant, Houghton). 

Significance of Two-step Oxidation for the Oxido-Reduetive Catalysis. 

Let us quote from a recent lecture of Michaelis 805) on the semiquinone problem: 
“Were it not for the existence of intermediate radicals, we might say that oxidations in 
organic chemistry are of necessity always bivalent. Whenever this bivalent oxidation 
can be brought about by two successive univalent oxidations, then the kinetics of such 
a reaction will be greatly enhanced. The thermodynamic possibility of tho univalent oxida- 
tion, and tho existence of the radical as an intermediate step of the complete bivalent 
oxidation, will depend on the dismutation constant. If this constant is very large, it 
is equivalent to saying: The formation of the radical involves a very high step in energy. 
Only if, due to resonance, the formation of the radical requires relatively little energy, 
will the bivalent oxidation run smoothly. The reason why tho oxidation of organic com- 
pounds is frequently very sluggish, even when an oxidant of thermodynamically suffi- 
cient oxidative power is applied, is that the oxidation has probably, as a rule, to go 
through two univalent steps; and to go through the intermediate step means, in general, 
climbing over a large energy hill, except in those cases described abovo in which the semi- 
quinone formation constant is relatively large. It is the task of all catalysts and enzymes 
concerned with oxidation-reduction processes to ease the climb over this energy hill, 
or to convert the substance to be oxidized into some form, or into some compound, in 
which the intermediate radical will have a stronger resonance and so a greater stability 
than it has in its original form. ,, 
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Oxidative Deamination of Amino Acids by Quinones. 


Amino acids are oxidatively deaminated by strong acceptors of the type of benzo- 
quinone; the first step consists in the transformation of the amino acid into the 


,NH 


corresponding imino acid RC 


\ 


COOH 


This dehydrogenation reaction proceeds in 


the absence of any enzyme as a homogeneous reaction (see also Raper and Pugh 958)). 
Naturally occurring quinoid substances, e.g. chlorogenic acid, are also able to deaminate 
amino acids. Reactions of this kind play probably an important role in plant fluids where 
there exists always an opportunity for the formation of quinones by the reaction of poly- 
phenols with oxidases. In the animal cell, too, they may occur with adre nochrome, 
the quinone of epinephrine. This process differs from the action of the specific dehydro- 
genases with regard to its kinetics and specificity. While, for instance, the efficiency of 
the quinones decreases with an increasing length of the carbon atom chain in the amino 
acid that of the dehydrogenases will increase (Risen 571)). 

The reaction has been systematically studied by Kisch 573). He succeeded in chan- 
ging it from a stoichiometric process into a complete catalysis by making provision for 
a subsequent dehydrogenation of the reduced form of the quinone by 0 2 . The 
problem of the catalytic dehydrogenation of amino acids in the typical form of primary 
attack of the amino group has always presented difficulties. Tho reaction occurs readily 
with some acceptors (alloxan, isatin, quinone, iron on charcoal) while methylene blue 
cannot be utilized; this holds for palladium as well as for muscle enzymes as catalysts. 
On the other hand, bacterical enzymes are stated to utilize mothylene blue as acceptor 
for the attack on amino acids (Berniieim et al. 99)). In the dehydrogenation of amino 
acids by isatin (Langenbeck 700, 696)) methylene blue may act as acceptor in an indirect 
manner, i.e. by oxidizing the reduced form of the catalyst (isatyd). It is likely that there 
exist certain structural chemical requirements with respect to the acceptor, probably 
the existence of a — C— 0 grouping (Frank e (288), pp. 154, 172)). If this is provided the 
reaction will proceed without any special catalyst if there is an opportunity for the 
reoxidation of the reduced form of the quinone. Dehydrogenation by biologically oc- 
curring quinones has been demonstrated for chlorogenic acid by Oparin 901) and for 
epinephrine simultaneously by Kdlbacheu 226) and Blix 127). Epinephrine represents, 
according to Kendall and Witzemann 560) and Ball and Chen 60), a reversible redox 
system consisting probably of tho o-diphenol and the o-quinone form: 


OH 



choh-ch 2 niich 3 


0 



>1 I 

\/ 

choh-ch 2 -nh-ch 3 


It is, of course, possible that there exists a semiquinoid intermediate. The autoxidation 
of the reduced form is catalyzed by metals and, in that event, will proceed to an irrever- 
sible stage by a peroxidatic reaction. The primary oxidation product of epinephrine is 
quite unstable; its life time is less than a second (Ball and Ciien 60)). The equilibrium 
reaction could therefore be measured only by a modification of the flow-method of 
Hartridge and Roughton where the reaction mixture of the diphenol and the oxidant 
after rapid mixing passes a number of electrodes. From the potential gradient established 
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at these electrodes during steady flow it is possible to extrapolate back to zero time and 
thus to determine not only the normal potential but also the half life time of the oxidized 
form. 

The following table contains some of the results obtained in this way: 


TABLE 5. 

Normal Potentials and Half Life Times of the Oxidants of 
Epinephrine and Related Compounds: (Acc. to Ball and Ciien (60)). 



Normal Potential 

Half Life of 

Structure and Name of Reductant 

E 0 ' at ph 7.66 

Oxidant at 


(30° C) 

ph 7.66 (30°) 

HO 

Volts 

Seconds 

HO^ 'y, Catechol 

+ 0.833 

9.0 

R — CHa-CH-NKj-COOH, Dihydroxy phenyl- 



alanine 

+ 0.326 

0.14 

R— CH 2 CH 2 NH-CH 3 , Epinino 

+ 0.306 

0.05 

R — CHOHCH 2 NHCH 3 , Epinephrine. . . . 

+ 0.345 

0.06 


R = 3,4-dihydroxyphenyl. 


Originally Edlbachek could find an aerobic oxidation by adrenaline only in the 
case of glycine. He and Blix observed the activity of other polyphenols in this reaction, 
among them of pyrocatechol and homogentisinic acid. While adrenaline acts best in 
acid solution the other polyphenols will react only in alkaline solution with an optimum 
at ph 10. Blix found that not only glycine but also alanine, leucine, and valine are at- 
tacked; in the latter case acotaldehyde was shown to be one end product. Glycine is also 
dehydrogenated by adrenalone (aminoacotyl pyrocatechol) with the intermediate for- 
mation of glyoxylic acid (Barrenscheen and Danzkr 72)). In accordance with those 
facts it has been observed that amino acids (like cysteine) and ascorbic acid act as stabili- 
zers for adrenaline (Wiltshire 1339); Merrit- Welch 780)): The oxidation of the hor- 
mone is retarded in the tissues because if is kept mainly in the reduced form. However, 
it is ultimately slowly oxidized by the iron systems of the cell to yield irreversibly dark 
pigments with an oxygen content much above that of the quinoid form (see for example 
Meirowsky 776)). 

The extensive studies of Kisch and his associates (574)) seem to indicate that 
adrenaline itself is not the active catalyst but rather its mother substance (“cata- 
lysageri”). The truo catalyst appears to be the fully quinoid form (“omega substance” 
of Kisch, adrenochrome of Green and Richter) which in the course of the reac- 
tion with the substrate is not reduced in a bivalent manner to adrenaline, the fully 
reduced stage, but by a univalent reduction to a semiquinoid form. For details v. 
Oppenheimer, Supplement, p. 1623. 

The catalytic deamination of amino acids by quinones is possible not only with 
molecular oxygen as the acceptor but also under anaerobic conditions with suitable 
acceptors like m-dinitrobenzene and nitro-anthraquinone; methylene blue is, of course, 
unsuitable because of the position of its normal potential. The reaction yields up to 85 
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per cent of the theoretical yield of ammonia and shows a certain degree of specificity. 
While glycine, serine and cystine are attacked, alanine is not. With dipoptidos as the 
substrate only the free amino group is split off. There is also a dependence of spe- 
cificity on the hydrogen ion concentration: between ph 8 and 9 hydro xyhydroquinone 
decomposes specifically glycyltyrosino while at ph 11 only glycine is deaminated. 
In general, between ph 7 and 8 the dipeptides are more rapidly attacked than their com- 
ponent amino acids. Only in the case of simple amino acids and in the presence of 0 2 
is deamination accompanied by decarboxylation. The different quinones exhibit varying 
degrees of activity. The most active is the quinone of hydroxyhydroquinone while that 
of pyrogallol is completely inactive; carboxyl groups in the catalyst molecule, e.g. that 
in protocatechu acid, exert an inhibitor effect. Thus, not only the value of the normal 
potential but also chemical structural effects determine the efficiency of the catalyst. 
This is particularly borne out by the action of metal salts on these catalysts which vary 
with the quinone tested and also with the buffer used (Sciiuwirth 1038)). These activa- 
tors are effective only when oxygen serves as the acceptor. 

In the well-known Strecker Reaction primary amines, notably amino acids, are 
oxidized by alloxan. The problem of the reversibility of the latter as a redox system 
has boon investigated by Richardson and Cannan 979a) and moro recently by E. S. 
Hill 484). The reduced form of the system is dialuric acid. The normal potential at ph 7 
is approximately + 0.06 volt; this value is extrapolated from the value actually measured 
in 10 -3 M. alloxantin solutions at ph below 6 since the system is unstable above ph 6. 
Upon adding small amounts of ferrous salts the potential is stabilized due to complex 
formation (Hill and Michaelis 484a)). Dialuric acid is autoxidizablo with a rate maxi- 
mum at ph 7. Inasmuch as IICN does not inhibit the oxidation at this ph, a true 
autoxidation is indicated; in acid solution, however, the process is an iron catalysis. 
The alloxan formed in this reaction will dehydrogenate various amino acids to a small 
extent (yield less than 5 per cent). 

With respect to a different, hypothetical formulation of the reaction with an inter- 
mediary coupling between the NH 2 -group and alloxan to yield uramil which in turn will 
again react with alloxan, 

CO— NH CO NH CO— Nil 

i i i i ii 

CO CO ±> CHOH CO ±5: CO CNH, 

II II II 

CO— NH CO NH CO— NH 

Alloxan Dialuric acid Uramil 

the review by Franke (288), p. 173) should be consulted. Alloxan will also dehydro- 
genate thiols (Labes 688)). 

In the course of the catalytic oxidation of amino acids by is at in there is formed 
as a probably autoxidizable reductant isatyd: 
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Acceptor Respiration. 

The following section covers mainly model systems without a full consideration 
of biological correlations. In describing these models it makes no difference whether the 
redox systems tried actually participate in the physiological mechanism of cell respira- 
tion or whether the entire process is independent of the presenso of metals. According 
to Barron et al. 775) the catalytic efficiency of the various dyes will depend (1) on the 
rate with which the dye is roduced by the cell and (2) on the rate with which it is 
reoxidized by air. These two properties are, other conditions being equal, a function of 
the redox potential of the dye (p. 00). It need not bo mentioned that a dye, in order to 
affect intact cells, must be able to permeate. 

Respiration, evoked by synthetic dyes: When Meyerhof 784a) discovered 
the phenomenon of “methylene blue respiration”, i.e. thooxygen uptake by dead 
bacteria and acetone dried yeast cells upon the addition of methylene blue, hopes ran 
high that this discovery would lead to new and deeper insight into the mechanism of 
cell respiration. In the retrospective we have to admit that these hopes have been realized 
to only a small extent. The reason is that these model reactions are frequently too far 
removed from physiological conditions and that most of the acceptors employed show 
a more or less pronounced toxicity which tends to cloud the issue. Tho most important 
conclusion is that the artificial acceptor respiration will not become appreciably manifest, 
in the presence of a fully active terminal respiratory system; this has been established 
particularly by Barron and Harrop73, 74, 82, 80) who studied the acceptor respiration 
in non-respiring or weakly respiring cells showing an aerobic glycolysis. The results ob- 
tained with enucleated erythrocytes are ambiguous becauso tho addition of the dye will 
produce the additional phenomenon of metheinoglobin catalysis. The observations 
made with echinoderm eggs, tumor cells, and other cells with an aerobic glycolysis, o.g. 
retina, are more readily interpreted. 

The effect of methylene blue on the small respiration of anaerobic lactic acid 
bacteria has been studied by Bertho 108). 

One would expect to observe an acceptor respiration of fully respiring cells only 
if the respiratory ferment is poisoned by IICN. Inasmuch as the terminal respiratory 
system in such cells, under normal circumstances, is capable of oxidizing practically any 
amount of metabolic hydrogen, the acceptor respiration should find no placo since no 
acceptor can efficiently compete with the respiratory ferment. But, contrary to expecta- 
tion, acceptor respiration has also been found in normally respiring cells. This may per- 
haps find its explanation by two special mechanisms. On the one hand tho dye may 
react directly with hemin systems in the cell, even with the rospiratory ferment; it may 
keep the hemin enzyme in the oxidized form just as methylene blue will produce rnethe- 
moglobin from hemoglobin. Or the dyes may affect the rate of some of the anaerobic 
stagos of cell metabolism in such a manner that more metabolic hydrogen is placed at 
the disposal of the terminal oxidation system. Both mechanisms may thus cause an in- 
crease in over-all respiration. 

As donators for this type of respiration the same metabolites are utilized as for 
normal respiration, i.e. sugar decomposition products. Sugars themselves are not attacked 
(Barron) unless phosphopyridine nucleotide (co-dehydrogenase) is added; the process 
is accompanied by an esterification of inorganic phosphate, at least in the case of hemo- 
lyzed erythrocytes (Runnstrom 1013), see also 1014)). This helps one to understand 
why the action of the dyes runs about parallel to the intensity of the anaerobic meta- 
bolism of the cells studied (Barron). Another factor determining the effectiveness of the 
dye is its redox potential. 
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The methylene blue respiration of cyanide poisoned tissues has been examined by 
Torres 1184) in Meyerhof’s laboratory. She found increases in respiration with liver 
and spleen of 200 to 400 per cent, with kidney of 100 to 150 per cent. Tissues poisoned 
by CO behave like those treated with CN' (775)). Embryonic tissue, however, gave 
different results (Bodine 132)). Tho “acceptor specificity” found by L. Stern 1100) 
and Fleischmann 348) in the case of cyanide poisoned tissue as expressed by the dif- 
ferent effect of dyes on the oxygen uptako is partly to be explained by the level of the 
normal redox potential and partly by toxic effects on the dehydrogenases. With succinic 
acid as donator thero was no difference between methylene blue, janus green, cresyl blue, 
or noutral red. Thionine caused an increase of only 40- to 50 per cent as compared with 
the dyes just mentioned. 

In erythrocytes the respiration, evoked by dyes, is frequently linked up with the 
formation of the catalytieally active, intracellular redox system hemoglobin!^: me theino- 
globin (p. 82). In other words, the dye will not only transfer oxygen to the dehydroge- 
nases but it will also, if sufficiently positive, oxidize some hemoglobin to methemoglobin. 
In the presence of the dye the reduced hemoglobin will regenerate methemoglobin upon 
reoxidation by 0 2 instead of oxyhemoglobin. Whether acceptor respiration in red cells 
proceeds directly or with tho participation of methemoglobin as a secondary oxidant 
of the metabolites depends essentially on the potential of the dye (Miciiaelis and 
Salomon 819)); with respect to the same dye, e.g. methylene blue, the relative concen- 
trations will determine the extent to which the two mechanisms operate (Warburg). 
It is interesting to note that dyestuffs of a potential more negative than that of indigo 
disulfonate are without effect on respiration though they are still able to form some 
methemoglobin. Free flavins have a potential which is too negative to be effective here 
(1214, 1215)). All indicators with a positive potential will stimulate red cell respiration 
provided they are able to permeate and that they are not toxic. Methemoglobin pro- 
duction is not a necessary corrolary of this phenomenon. Nile blue and cresyl blue are 
stated to stimulate respiration without forming methemoglobin (775)). Another exception 
is lawson, a naturally occurring pigment of the naphthoquinone type: it has a relatively 
negative potential, forms no methemoglobin, but it stimulates rod cell oxygen uptake 
(Friediieim 368, 373)). Pyocyanine, on the other hand, lias been shown to form methe- 
moglobin when brought in contact with erythrocytes (Stern 1077a)). In cells free of 
hemoglobin no other heme compounds appear to act as intermediary catalysts since 
their acceptor respiration is fully cyanide-resistant (Barron and Hamburger 81)). 

The respiration of tumor tissue is also increased by methylene blue, appreciably 
without KCN but much more strongly in presence of KCN (Barron), where the main 
respiration is almost completely suppressed. However, the relationship between dyes, 
glycolysis and respiration is still quite obscure (Elliott). Almost every dye seems to act 
differently; according to Dickens 203), methylene blue increases both respiration and 
aerobic glycolysis w f hile the latter is decreased by toluylene blue and pyocyanine. The 
effect of dyes on the respiration of tumors depends on their redox potential. Thionine 
and brillant cresylblue have the strongest effect. When glucoso is added it is oxidized. 
In the case of retina which, like tumor tissue, will show an aerobic glycolysis, Fleisch- 
mann and Kann 349) find a respiratory increase up to 150 % in the absence and more 
than 1000 % in the presence of CN'. In sea-urchin eggs not only respiration but also 
anaerobic and aerobic glycolysis are stimulated by suitable dyes (477)). 

Attempts to elicit an additional acceptor respiration in normally respiring 
cells have been partly successful; however, they are difficult to interpret. The fact that 
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the extent of this accessory respiration depends, among other things, on the redox poten- 
tial of the dye added may be taken to suggest an interaction between dye and respira- 
tory enzyme. In any event, the toxicity of most dyes becomes a disturbing factor already 
in the range of low concentrations; it dominates the picture if high concentrations of 
dyes are used. 

In a concentration of 10 “ 3 M. which is to be considered a high concentration for an 
indicator dye and which is often close to its solubility limit, the dyes will inhibit tissue 
respiration in most instances; in the case of liver and tumor slices and in the presence of 
glucose a stimulation of rospiration is obsorvod (Elliott and Baker 245)). 

A number of dyes will increase the anaerobic and aerobic glycolysis (395, 202, 203)). 
The latter phenomenon represents an inhibition of the Pasteur effect, i.e. of the chock 
exerted on fermentation by oxygen (or by the respiration). In other instances, e.g. with 
pyocyanin, respiration is stimulated and glycolysis is decreased (Friedheim 372), 
Dickens 203)); for details see Oppenheimeu’s "Supplement” p. 1292. 

The following details may be of interest: upon vital staining of the vacuoles of algae 
the rate of rospiration is increased; the effect is more pronounced with mothylene blue 
than with neutral red which has a more negativo potential (Genevois 391)). Similar 
observations were inado with Elodea (Albach 17)). Bakers yoast which has a strong 
normal respiration (Qo 2 = about 200 cmin. oxygen per mg. dry weight per hour) reacts 
differently: at acid ph there is only a small initial increase upon adding neutral red, 
falling below the normal level aftor about one hour; at ph above 7 the rate of oxygen 
uptake is diminished from the beginning (Geiger-Huber 390)). On the other hand, 
p-phenylene diamine (Harrison 450)) and minute concentrations of quinone (Sokoloff 
1063)) were found to enhance the respiration of bakers yeast. In Sarcma lutea methy- 
lene blue causes at first a strong increase and later a decrease in respiration (Gerard 
396)). When methylene blue (3*10 ~ 6 M.) is added to locust embryos ( Melanoplus ) during 
the normal diapause which is characterized by a strong decline of respiration, the normal 
respiratory level is restored; the same holds for cyanide poisoned embryos. Carbon mo- 
noxide inhibits the acceptor respiration both when added during normal development 
or during the diapause. Strong light reversos the inhibition, thus indicating that an iron 
system takes part in the acceptor respiration (Bo dine and Boell 132)). 

The respiration of muscle is stimulated by methylene blue (U. S. v. Euler 326)). 
According to Dickens 203) thionine and brillant cresyl blue raise the rate of oxygen 
uptake of rat kidney and brain up to 90 per cent. A number of dyes are known to increase 
the respiration of normal rat tissues (471)); the subsequent docrease suggests that the 
dyes are somewhat toxic and that the process does not represent a pure acceptor rospira- 
tion. The same conclusion is to be drawn from the experiments of Axmacher 48); in 
certain instances he did not observe a stimulation in presence of CN'. Lactoflavin has 
been reported to increase the respiration and to decrease the aerobic glycolysis of con- 
nective tissue cultures (Laser 705)); the whole flavoprotein (yellow enzyme) showed no 
effect either because of its more positive redox potential or to its inability to penetrate 
into the cells (Mol. Wt. 80,000). If liver tissue is carefully freed from the flavin system 
by washing, pyrrol will act as accessory respiratory catalyst like methylene blue; lactate is 
a suitable donator (Bernheim 100)). It is suggested that a red pigment, present in liver, 
which is not identical with hemoglobin, is required for the catalysis. 

In his experiments on the mechanism of the Pasteur effect Lipmann 606) added 
redox dyes to cell-free yeast extracts. He observed an acceptor respiration with and 
without an inhibition of fermentation. Dyes with a positive redox potential will inhibit 
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not only yeast fermentation but also the glycolysis in muscle extracts (717)). Pyocyanine, 
though of a slightly more negative potential than methylene blue, shows a stronger effect 
(712)). These experiments have been repeated and extended by Michaelis and Smythe 
826). These authors employed a far greater series of dyes than Lipmann. They conclude 
that neither the potential of the indicator nor the potential measured in fermentation 
systems determines the degree of inhibition of fermentation. The dyes studied by those 
investigators fall in three groups with regard to their effects: The first group causes the 
yeast extracts to respire without a decrease in the fermentative activity (Gallocyanine, 
phenosafranine, neutral rod); the second group inhibits fermentation by destroying certain 
enzymes, particularly carboxylase (methylene blue, pyocyanine, and others); the third 
group, finally, inhibits fermentation by suppressing the formation of tho first degra- 
dation products of the sugar as evidenced by the fact that only addition of hexose diphos- 
phate is able to revive the fermentation. Tho acceptor respiration caused by the dyes 
runs somewhat parallel to their normal potential whether or not the fermentation is 
affected. It is concluded that respiration and fermentation are uncorrelated processes 
under these conditions, in contrast to the observations of Barron made w T ith intact cells. 

A special role as “respiratory catalyst” has been played by p-phenylenedia- 
mine; it is dehydrogenated by “activated” oxygen to the quinone diamine which may 
be detected by condensation with naphthol (Na-di reagent). Battelli and L. Stern 
and later Szent-Gyorgyi employed it extensively as a reagent for “main respiration” via 
an “oxydone”. Building on the ideas of Pall a din, Szent-Gyorgyi revived the concept 
of the “respiratory pigments” and attributed to p-phenylone diamine the function of an 
intermediary catalyst. The original experiment of SzENT-GYORGYi 609) consisted in the 
demonstration that washed muscle will oxidize the diamine and that the addition of 
succinic acid or lactic acid, under anaerobic conditions, will hydrogenate the diamine for- 
med. In the case of lactic acid the system is supplemented by cytof lav, a yellow pigment 
described by Szent-Gyorgyi in his reports on the purification of the co-enzyme of lactic 
acid dehydrogenation from heart muscle (1 125)). Cvtoflav is now known to represent 
riboflavin phosphoric acid ester. Since these early experiments the relationships existing 
under these circumstances have been partly clarified. Today we know that the so-called 
indophenol oxidase which appeared to be specific for diamine oxidation is 
identical with the respiratory ferment of Warburg and with the cytochrome oxidaso 
of Keilin. In other words, the catalysis caused by p-phenylenediamine in respiring cells 
proceeds via the respiratory ferment; tho process is cyanide-sensitive (609a)). A compli- 
cating factor arises out of the observation that tho Na-di reaction is also exhibited by 
very simple metal systems (Wertheimer 1295), Wieland 1312)). This makes it possible 
to construct models without the respiratory enzyme. Harrison 456) has done so by 
adding H 2 0 2 -f peroxidase to the Schardinger enzyme + p-phenylenediamine. In his 
experiments with yeast, however, and in those with other cells p-phenylenediamine acted 
undoubtedly as go-between by transferring hydrogen from dehydrogenase-substrate 
systems to tho respiratory ferment. This explains why Runnstrom 1011) and Orstrom 
893) found this accessory respiration in fertilized and unfertilized sea-urchin eggs to be 
just as sensitive against ON' and CO as has been observed by Warburg in normally 
respiring yeast cells; the same holds for the eggs of Melanoplus (134)). 

Nitro Respiration: Not only quinoid dyes but also certain organic nitro com- 
pounds are capable of causing an increase in cell respiration which may or may not be 
due to their functioning as reversible redox systems. The fact that all of these substances 
are appreciably toxic even in the low concentrations employed for respiration experi- 
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ments makes it more difficult than in the case of quinones to ascertain where acceptor 
respiration ceases and where an oxygen uptake due to a disturbance of the physiological 
relationships by the toxicity of tho acceptor begins. 

We shall refrain from discussing here the early experiments by Lipschitz with 
o-dinitrobenzene or his later ones with nitroanthraquinone. The irreversible hydrogena- 
tion of those nitro compounds by cell constituents bears no relation to an acceptor cata- 
lysis; it may at best serve as an arbitrary measure of the entire donator-dehydrogenase 
system of the cell. In the case of o-dinitrobenzone, o-nitrophenylhydroxylamine is formed 
by the reduction. The latter has recently been prepared in pure state by Kuiin and 
Weygand ($87). 

The question of the reversibility of certain dinitro phenols, on the other hand, is still 
open. Of those the action of which has been studied in some detail, we montion dinitro 
a-naphthol, 1,2,4-dinitrophenol (Thermol), and 2,4-dinitro-o-crosol. Magne et al. 
746) found that 1, 2, 4-dinitrophenol causes an enormous increase in the rate of oxidations 
and hyperthermy in warm-blooded animals. The same effect is found with plant tissues 
and moulds, to a lesser degree with yeast (Plantefol 932)). Working with dinitro 
a-naphthol in concentrations of about 10 ~ 6 M., U. S. v. Euler 326) observed an increase 
in respiration of normal muscle tissue of about 100 per cent; higher concentrations of 
tho reagent will inhibit respiration. Similar findings with various tissues, particularly 
after adding donators, have been reported by Aiavall 21). The effect disappears slowly. 
The residual respiration of cyanide- or bromoacetic acid- poisoned muscle is likewise 
increased by the nitro compound, provided that donators are also added. The stimulation 
by low concentrations and tho inhibition by slightly higher concentrations appears to 
be a general feature of the dinitro derivatives. It has been observed in the case of 4,6-di- 
liitro-o-cresol and of 2, 4-dinitrophenol in experiments with yeast (Field 331)). With 
rat liver and kidney tissue, the optimum concentration of 2, 4-dinitrophenol is IQ- 7 ; a con- 
centration of 2.10 ~ 7 M. will already inhibit (McCord 668)). With yeast, the most effective 
reagent was found to be l-hydroxy-2-cyclopentyl-4,6-dinitrobenzene (417). 

Dinitrophenol will not only increase the respiration but also the glycolysis, both the 
anaerobic glycolysis of normal tissues (Ehrenfest 230)) and the aerobic glycolysis of 
tumor cells (245)); tho decrease in respiration in the latter indicates an inhibition of tho 
Pasteur effect by the reagent. It would appear that the main effect of these compounds 
consists in a stimulation of anaerobic sugar breakdown; this is also true for 
alcoholic yeast fermentation (Kraiil and Clowes 591)). Tn the light of this hypothesis the 
respiratory increase would merely represent an additional combustion of lactic acid as is also 
assumed for other dyes. Dodds and Greville 218) have found an increase in respiration 
of normal rat tissues, including kidney which is one of the tissues devoid of aerobic 
glycolysis and hence not responsive to methylene blue catalysis (Barron). In the case of 
tumor tissue dinitrophenol stimulates respiration as well as glycolysis (219)). Here, as 
in frog muscle (1002)), the increase in lactic acid production dominates the picture. 
Muntwyler 844) was unable to find an increase of oxygen uptake with rat kidney, but 
he did find it when working with rat liver and frog kidney. Extensive investigations on 
the effect of dinitro compounds on yeasts have been carried out by Field ot al. 334, 332,) 
Genevois 392), and Creac’h 189). 

The question of the reversibility of dinitrophenols as oxidation-reduction systems 
has been studied by Greville and Stern 421). The product of reduction of dinitrophenol 
by tissues is 4-nitro-2-aminophenol. This represents a difference of 6 hydrogen equi- 
valents from the dinitro stage. Obviously, then, this compound cannot be the reductant 
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of a reversible system the oxidant of which is the dinitro compound. The reduced forms 
of all reversible systems differ either in one or at most two H-equivalents or electrons 
from the oxidant. However, attempts to demonstrate the existence of a reversible inter- 
mediate stage met with no success. The potential at which dinitrocresol begins to be 
reduced is in the neighborhood of — 0.200 V., i.e. in the range of the anaerobic reduction 
potential of many living cells, e.g. liver. It was possible to reduco dinitroplicnol 
by certain dehydrogenases and their substrates. While xanthine dehydrogenase plus 
hypoxanthine will reduce the dinitro compound directly, formic and lactic dehydro- 
genase will do so only in the presence of a suitable redox indicator. It could be shown 
that the mechanism here was an indirect one: first, the dye is reduced by the enzyme- 
substrate system to the leuco dye; subsequently, the leuco dye reduces the dinitroplicnol. 
This is another case where a coupling link is required for the interaction of two systems 
which is thermodynamically possible but which does not take place spontaneously 
due to a ‘Tack in chemical affinity”. The dye may be looked upon as a carrier or as a 
catalyst. In any event, it is the ease with which electrons are transferred by the two 
forms of the indicator, its electroactivity, which onablo it to play the role of mediator 
between the two sluggish reactants. 

Cyanide poisoning of respiration prevents the dinitrophenols from exerting their 
effect on the oxygen uptake (332, 590, 133, 624a, 626a)). The same holds for CO (133)) 
and malonate (419)) inhibition of respiration. Malonate, on the other hand, does not 
interfere with the true acceptor respiration via brilliant cresyl blue (419)). 

Taken all together, it is not very probable that the phenomenon of dinitro respiration 
represents a true acceptor respiration. Besides the failure to demonstrate reversibility 
of these compounds in vitro, tho main argument is that brought forward by De Meio 
and Barron 774), namely, the inability of these compounds to produce oxygon uptake 
in cyanide poisoned cells. It might be argued however that the reductant formed by the 
cell may not bo autoxidizable and that cyanide inhibits its reoxidation. A number of 
hypotheses have been offered in an attempt to explain the action of dinitrophenols. 
Nono of them appears convincing or even sufficiently plausible to merit a detailed dis- 
cussion at the present time. We refer the reader to the publications by Krahl and 
Clowes 590, Handovsky et al. 447), Dixon and Holmes 207), and De Meio and Bar- 
ron 774). Any theory of the mechanism of the phenomenon will have to take into consi- 
deration the findings of Clowes and Krahl 174) concerning the block of cell division 
in sea-urchin eggs accompanying the stimulation of respiration and also their obser- 
vations on tho effect of halogen phenols. The fact that the latter affect living cell in a 
manner very similar to that of nitrophenols is an indication that tho “nitro respiration” 
is not an acceptor respiration but rather a “pharmacological” effect on the regulatory 
mechanism of cell respiration; v. a. Oppeniuumer, Suppl. p. 1144. 

Natural Pigments *): One of the most important natural pigments is undoub- 
tedly riboflavin (lactoflavin, p. 184). In the cell it is present mainly in bound form, 
i.e. as the riboflavin phosphoric acid ester-proteid (yellow enzyme). This is not only 
indicated by the inability of the pigment to pass cellophane or collodion membranes 
when ground liver tissue is subjected to dialysis at low temporal ure (Stern (unpublis- 
hed)), but also by the shift of the long-wave absorption band of the pigment from 440 
to about 460 millimicrons when intact lactic acid bacteria are examined (Warburg and 
Christian 1244)). It has already been mentioned that the free riboflavin has a relatively 


*) See also Frei (358)). 

Oppenheimer-Stern, Biological Oxidation. 8 
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negative redox potential (E c ' — 0.2 V. at ph 7) and that its coupling with the bearer 
protein raises the potential close to that of methylene blue (E c ' — 0.07 at ph 7) (p. 195). 
We are faced with the situation that addition of the alloxazine proteid to media containing 
intact cells is likely to be ineffective due to its inability to penetrate (Mol. wt. 80,000 
(553)) while the addition of the free riboflavin is to be considered as unphysiological unless 
there is an opportunity for the dye to find its bearer protein in the cell under experimenta- 
tion. It is not surprising, therefore, that free riboflavin does not stimulate the respiration 
of enucleated red cells: its potential is too negative to make it suitable as an acceptor 
or to cause methemoglobin formation (1214)). In the case of connective tissue cultures, 
Laser 705 ) observed an increase of respiration and a decrease of the aerobic glycolysis; 
the whole yellow enzyme was ineffective. Flavin increases tho respiration of normally 
anaerobic lactic acid bacteria (6)). 

The respiration of yeast extracts is increased by non-phosphorylated flavins to only 
a small extent; the effect does not run parallel to the redox potential. Kiboflavin has a 
very small effect, methyl and glueo-alloxazino have a more pronounced action (Miciiaelis 
et al. 822)). It has been demonstrated by Euler and Adler (5a)) that riboflavin is 
a necessary component of several dehydrogenase systems. However, it is unable, except 
in the case of malico dehydrogenase, to effect the reaction of isolated dehydrogenase 
systems with molecular oxygen (895)). Furthermore, riboflavin is unsuitable as a coupling 
link between two dehydrogenase systems in contrast to pyocyanine which may be reduced 
by the more negative system and reoxidized by the positive system (895)). 

One of the most thoroughly studied natural pigments is pyocyanine, the blue 
pigment of B. pyocyaneus (See also p. 228). It is both a ph and a redox indicator; it is 
blue in neutral and alkaline solution and red in acid solution, whilo the lcuco form 
(dihydropyocyanine) is colorless. Its constitution is that of a-oxy-N-methyl-phenazine 
(Wrede). The normal potential at ph 7 is —0.033 V. (Friedheim and Michaelis 376)). 
In acid solution the reduction occurs in two distinct steps each involving the uptake of 
one electron. The monohydroform is a cationic freo radical (semiquinone) showing a 
characteristic green color (376)). We owe careful potentiometric studies of this interesting 
substance to Friedheim and Michaelis 376) and to Elema 233). Although the phy- 
siological function of the pigment is naturally restricted to B. pyocyaneus, it has served 
as a very useful model substance for those reversible and electroactive systems of other 
living cells which heretofore could not be obtained in pure form. One of tho most impor- 
tant features of the pigment is that the monohydro stage (somiquinone) is also formed to 
some extent upon reduction in neutral solution where its concentration may reach 
10 per cent of that of the fully oxidized and fully reduced forms (822)). 

According to Friedheim 363) pyocyanine strongly stimulates the respiration of 
pigment-free strains of B. pyocyaneus as well as of mammalian red blood cells. Ho 
found that the pigment shows an effect preferably on such cells -which contain hemin 
systoms; their participation in the catalysis is indicated by the inhibitory effect of cya- 
nide. The reduced form of pyocyanine is autoxidizable. In those cases whero tho re- 
generation of the oxidizod form is brought about by direct reaction with molecular 
oxygen, i.e. without iron, cyanide will exert no effect. Examples are the pyocyanine 
respiration of anaerobic bacteria (Tetanus, (Frei 358)) and unfertilized sea-urchin eggs 
(Kunnstrom 1012 )). In the latter instance HCN will actually increase the pyocyanine 
respiration while the pigment effect on fertilized eggs, equipped with a hemin system, is 
abolished by HCN. When pyocyanine acts as the acceptor in the respiration of bottom 
yeast with hexosephosphate as donator, HCN causes an inhibition of 31 per cent (Ogston 
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and Green 895)). In bacteria the respiratory enzyme system of which has been damaged 
by acetone treatment the respiration is only little sensitive against HCN and CO (231)). 
The respiration of Staphylococcus aureus is very strongly stimulated by pyo- 
cyanino; the effect on acetone dried bacteria of a B. pyocyaneus strain was found 
to be very small. 

The respiration of mammalian tissues is also increased by the pigment in certain 
cases. Thus, the oxygen uptake of liver, testis, and tumor cells is raised about 50 per cent. 
Pyocyanine here acts as a carrier, probably between reducing systems and the hemin 
system. Consequently, its action is inhibited by cyanide inspite of the autoxidizability 
of its leuco form. Furthermore it shows no effect on cells with a perfect respiration, i.e. 
exhibiting no aerobic glycolysis whatsoever (kidney) (Friediieim 372)). The substrates 
burned with the aid of pyocyanine are carbohydrates or their breakdown products as 
judged by the high RQ and also by the stimulation of the pyocyanine effect produced 
by the addition of such donators (895)). 

However, pyocyanine may also act as acceptor in anaerobic Tiiunberg tests with 
succinic acid and amino acids as donators (Ehrismann 231)). 

Pyocyanine possesses certain properties which are not found in other quinoid dyes, 
e.g. in methylene blue, and which bring it into an intimate contact with the complex 
reactions occurring during the first stages of carbohydrate breakdown. Pyocyanine not 
only is frequently more efficient than methylene blue in experiments with cells or in 
model systems but it behaves qualitatively in a different manner towards the coupled 
reactions involving phosphorylations and oxidations. In particular, it appears able to 
replace, to a certain extent, other natural redox systems, e.g. pyridine derivatives (Runn- 
strom and Michaelis 1014), Lennerstrand and Runnstrom 712)). This property is 
linked by these workers to the phenomenon of two-step reduction shown by pyocyanine. 
The oxidation of the pigment by pure oxygen is not more rapid than that of methylene 
blue while the reduction by mixtures of carbohydrate breakdown products is faster. 
Lennerstrand and Runnstrom assume that pyocyanine is reduced in two single 
steps by another natural system, perhaps by the pyridine ferment, which in turn is also 
dehydrogenated in single steps. *) 

Phthiocol, tho yellow pigment of Bac. tuberculosis (2-methyl-8-hydroxy-l,4- 
naphthoquinone, Anderson 25)), is a relatively negative redox system; E c ' at ph 7.3 : 
—0.208 V. (Ball 67)). In the bacteria it is present almost completely in oxidized form. 
No respiration experiments have as yet been reported. The violet pigment Violacein 
of Bac. violaceus increases the oxygen uptake of bacteria freed from their own pig- 
ment by washing. The reduced form is non-autoxidizable, therefore the dye must act as 
an intermediate hydrogen carrier (Friedhrim 364)). According to the chemical investiga- 
tions of Wrede 1346) and Tobie 1176) the pigment is a pyrrol derivative. Chlororaphin 
(a-hydroxyphenazine amide, Kogl 586a)) the green pigment of Bac. chlororaphis, 
represents a fully reversible redox system sharing many features with pyocyanine 
(Elema 234)). Tho normal potential, at ph 7.42 is E 0 ' — 0.139 V.; the reduced form is 
stated to be non-autoxidizable. Below ph 4 the reduction is effected in two more or less 
overlapping steps with intermediate semiquinone formation. The effects of the dve on 
cells have not yet been determined. They ought to be similar to those of the chemically 
relatod pyocyanine though less pronounced because of the more negative potential of 
chlororaphin. 


♦) Compare p. 104 concerning the fundamental significance of semiquinone catalysis. 
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Toxoflavin, the prosthetic group of a highly toxic yellow pigment formed by 
Bacterium bongkrek (van Veen and Mertens 1196)) represents the oxidant of a 
redox system which is fully reversible and electroactive between ph 4 and 8 (Stern 
1083)). The normal potential, E 0 ', as referred to the normal hydrogen electrode, at 
ph 7.0 is — 0.049 V. The slope of the individual titration curves is atypical throughout 
the ph rango studied and shows an increasing steepness, indicative of semiquinone for- 
mation, towards the alkaline range. However no color change suggesting semiquinone 
production was observed, and the matter is further complicated by the instability of 
the pigment at ph > 8 which makes potentiometric measurements in alkaline solutions 
impractical. Although the chemical structure of this pigment is as yot obscure, the ovidence 
available militates against a close chemical relationship to tho class of flavin pigments 
studied by Warburg, Kuhn, Ellinger, Euler, Karrer and Stern. According to 
manometric experiments by Greville (1083)) toxoflavin will stimulate the respiration 
of non-nucleated mammalian red blood corpuscles to about the same extent as thionine 
(E 0 ' -f 0,062 at ph 7). The pigment reacts with oxyhemoglobin to form methemoglobin. 
Toxoflavin stimulates the respiration of Jensen rat sarcoma in glucose containing media 
(in one case a 140 per cent increaso in 0 2 -uptake was caused by a 2.10 ~ 5 M. solution). 
The effect however decreases rapidly, probably because of the toxicity of the pigment which 
is brought out even more clearly by brain slices where a concentration of 10 “ 5 M. already 
inhibits strongly the respiration. 

Penicillium phoeniceum has been found to contain a reversible system, called 
Phoenicein, with a potential of — 0.037 V. at ph 7.95 (Frikdiieim 369)). Tho roducod 
form is autoxidizable. The mould rospires fully without any addition (11 Q 1.0); it con- 
tains no cytochrome. Tho respiration here is possibly iron-free. Tho pigment will increase 
the oxygen uptake of Bac. pyocyaneus 3 to 4 times. Another accessory respiratory 
catalyst, according to Eriedheim, is the pigment Nigrosin in Asporgillus niger. 
Its chemical composition is unknown. 

Ecliinochrome (Cannan 161), Friedheim 365)), a pigment or group of pig- 
ments occurring in sea-urchins e.g. Spharechinus granularis, Arbacia punctulata, and 
Echinus esculentus appears to stimulate the oxygen uptake only of cells having a 
hernia system (sea-urchin eggs, red blood cells). The normal potential, E 0 ', at ph 7 
is - 0.220 V., i.e. as negativo as that of free riboflavin (Cannan 161)). The leuco form is 
not autoxidizable. Recently, pigments of this group have been obtained in crystalline 
form (Ball; Stern (unpublished)). The empirical formula of the crystalline Echinus 
esculentus pigment is C 10 H 8 O 8 . The constitution is not yet elucidated. It is possible 
that thero exist close chemical relationships between this pigment and pigments from 
Arbacia aequituberculata 131 . and Stronyylocentrotus lividus recently isolated by Lede- 
rer and Glaser 707). The physiological function of echinochrome is not known. It has 
been observed that the pigment undergoes some changes in its distribution in the cells 
during mitosis. 

Another interesting invertebrato pigment is Hall a chrome, present in the marine 
worm Halla parthmopea (Friedheim 371)). This reversible system (E 0 ' at ph 7 
-f 0.022 V.) was the first example of any redox system to be found to show a tendency 
for semiquinone formation in the alkaline ph-range; all the previously studied systems 
like pyocyanine will form appreciable amounts of semiquinone in the acid range. The 
identity of hallachrome with the "red body" (p. 118) formed as an intermediary in the 
tyrosine- tyrosinase reaction which has been postulated by Mazza and Stolfi 770) and 
Raper 968) is questionable. The pigment stimulates the respiration of Ascaris worm 
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eggs, sea-urchin eggs, and red blood cells. The leuco form which is preponderantly 
present in asphyxiated animals is apparently non-autoxidizable; the pigment, then, 
would act only in cooperation with hemin or other metal systems. 

In this connection one might also mention the pigment of the nudibranch Chromo- 
dons zebra which, according to Preisler 936), is a reversible redox system. The 
reduction of the blue oxidized form to the yellow reduced form appears to involve only 
ono hydrogen equivalent. The leuco form is autoxidizable. The pigment of Arion rufus 
has a normal potential, E 0 ' of — 0.027 V. at ph 7 (Friedheim 367)). It is readily reduced, 
e.g. by cysteine or hydrogen activated by palladium. 

Whether the blue Asterinic acid, found by Euler et al. 266) in certain marine 
Crustacea and echinoderms, is a reversible redox system has not yet been ascertained. 
It seems to be closely related to Astacin, the carotenoid pigment present as a conju- 
gated protein in the shell, hypodermis and the eggs of the lobster. The latter pigment, 
termed Ovoverdin, shows a remarkable resistance to reducing agents; it is dissociated 
reversibly by heat into the carotenoid and the protein moiety (Stern and Salomon 
1096a)). The constitution of astacin itself, i.e. of the prosthetic group, is that of a te- 
traketocarotene (Karrer and Loewe 523a)). 

Certain higher plants contain reversible redox systems in addition to the probably 
ubiquiteous riboflavin (Kuhn, Karrer, Stern) and carotins and xanthophyll, the 
reversibility of which is questionable. Juglon (5-hydroxy-naphthoquinone), the pigment 
of walnuts (Juglans regia), has an E c ' at ph 7 of + 0.033 V. (Friedheim 368, 373)). It 
exists in the nut mainly in the reduced form. Lawson (2-hydroxynaphthoquinone) 
is the well-known red henna pigment from the leaves of Lawsonia inermis. In accor- 
dance with its potential (E 0 ' at ph 7 0.139 V.) this pigment is found mainly in the 

oxidized form. In experiments with mammalian blood cells both pigments increase the res- 
piration about 5 to 6 fold. The negative potential of Lawson excludes the possibility 
that the catalysis here proceeds via intermediary methemoglobin formation; the poten- 
tial of Juglon, on the other hand, would permit of such a coupled catalysis. Friedheim 
has used this observation as an argument against the hypothesis that such dyes exert 
their stimulation on red cell respiration only through methemoglobin formation. 

Other naphthoquinones occurring in plants are Lomatiol and Lapachol which 
are isomer alkylated 3-hydroxy-naphthoquinones. Their potentials have been measured 
by Ball 58) (see p. 238). Droseron from Drosera 739), according to Dieterle and 
Kruta 205), is identical with Plumbagin from Plumbago (2-methyl-5-hydroxy- 
naphthoquinone). Its potential has not yet been measured but only been com- 
puted. 

Hermidin, the chromogen of Mercuriahs , is oxidized in two stages. The leuco 
form yields at first an unstable blue pigment, cyanohermidin, finally a brown one, 
chrysohermidin. Only the former serves as hydrogen acceptor (Haas and Hill 433)). 
Cannan 160) found the system to be reversible; he does not comment on the autoxi- 
dability. The potential happens to be almost identical with that of the chemically very 
different pyocyanine (E 0 ' — 0.034 V. at ph 7). 

Anthocyans are stated to act as hydrogen acceptors in Thunberg experiments 
with purified liver aldehydrase (Reichel 967)). They are subsequently reoxidizod by 
air. The potentials and their biological significance remain to be determined. 

We may as well append some remarks on certain redox systems present in higher 
animals, though nothing is known about their actual function. The action of the adrenalin 
quinono (Omega substance of Kisch, Adrenochrome of Green and Richter, Bio- 
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chem. Jl. 31, 596 (1937)) has already been mentioned on p. 106. Kisch maintains 
that not adrenaline itself but the quinone acts as a respiratory stimulant. U. v. Euler 
325) however has seen an increase in respiration in muscle tissue when working 
with adrenalin concentrations of 10 ~ 8 to 10 “ 14 and at suboptimal oxygen tensions. 
Only hexose phosphate and glycerophosphate but not lactic acid would act as acceptors. 
There was no effect to be found with leucocytes. This phenomenon is hardly a pure 
acceptor respiration. 

The system Tyrosine "Red Body” (quinone of dihydroxy-indolcarboxylic 
acid) was found to be reversible (Eriedheim 366, 370, 642, 642a). It is thought to func- 
tion in the chain of reactions leading to molanine formation from tyrosine by tyrosinase 
(Rarer 958). However, the quinone was also found to dohydrogenate anaerobically 
purines, succinic acid, and cysteine; it may therefore be a biological hydrogen trans- 
porter (374)). In the presence of heavy metal the oxidation, initiated by tyrosinase, 
does not arrest itself at the "red body” stage but proceeds irreversibly to melanines. 

The system Homogentisic aci d±£ Quinone acetic acid is also reversible ( Blix 128) , 
Fishberg and Dolin 346)). It has the rather positive normal potential of + 0.250 
at ph 7. Its function, though undetermined, might conceivably be concerned with the 
deamination of amino acids like the Adrenoehrome. 

The chromogen Tyrin of wido-spread distribution which is not identical with 
tyrosine and which is oxidized by benzoquinone to a red pigment (Szent-Gyorgyi 1114)) 
is stated to be an unspecific mixture of amino acids (Platt and Wormall 934)). 

III. Oxidative Catalysis via Peroxides. 

1) Organic Peroxides. 

There are instances where an organic compound is catalytically oxidized in the clas- 
sical sense, i.e. by tho uptake of oxygen into the molecule, without the possibility of inter- 
preting this process as a dehydrogenation. Here the oxygen attaches itself to valency 
g a p s, in other words, to double bonds, to form a t r u o peroxide. Insofar as such a per- 
oxido might conceivably oxidize other molecules by giving off atomic oxygen and thus 
bring about a true activation of oxygen, a remainder of the old Engler- Bach theory of bio- 
logical oxidation may be preserved. We have to distinguish between two different pro- 
blems in this connection: (1) formation of well defined peroxides as intermediates and (2) 
catalytic capability of such peroxides, i.e. their power to transmit the oxygen in active 
form according to Engler’s schema A0 2 + B-> AO + BO or A() 2 -f 2 B— >• A + 2 BO. 
It must be kept in mind that such a peroxide, instead of acting as an oxidation catalyst, 
may also break down without oxygen transfer and thus represent only an intermediate 
stage in desmolysis. 

Organic peroxides may arise through tho action of H^ as well as through aut- 
oxidation: H 2 0 2 attaches itself to valency gaps with resulting peroxide formation, e.g. 
from aldehydes (Wieland). While this is an interesting possibility from tho point of 
view of model systems, it has no great biological significance since, in general, hydrogen 
peroxide in respiring cells is decomposed by iron catalysts (catalatic or peroxidatic) at a 
rate too great to permit a direct interaction with substrates. The direct oxidation of 
pyruvic acid by H^O.^ in anaerobes mast be listed as an exception. 

Bach’s Oxygenases: It will be remembered that Bacii considered the oxidases to 
be complex systems made up of organic peroxides ("Oxygenases”) and of peroxidases; 
the latter, by acting on the former, release active oxygen. This concept has been aban- 
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doned in general and in particular with respect to the oxidation of chromogens for which 
it was developed. Bach’s oxygenases are actually quinonos insofar as they are not 
simple heavy metal systems. Of late, the term has been revived by english authors, 
e.g. J. B. S. Haldane (cf. 181)), to designate tho respiratory ferment of Warburg. 
It has been shown by Szent-Gyorgyi 1116) that o-quinone will oxidizo guaiac to a 
blue pigmont without the aid of a catalyst. Subsequently he has criticized the entire 
peroxide theory of Bach including the modification proposed by Wheldale-Onslow. 
Tho latter author had recognized the relation of the purely organic component of Bach’s 
oxidases to pyrocatechol ; however, the peroxide nature of this component was still 
stressed. It is now established that the pigments of biological interest will not form well- 
defined peroxides, not even in the photo-oxidation by dyes (Gaffron 386)). The only 
known peroxides of this type are formed by rubene. 

Later Bacii has attempted 55) to explain the specific case of the reaction of p-qui- 
none with pyrogallol by peroxide formation (H0*C 6 H 4 -0-0H). By referring to the fact 
that no oxidation takes place hero in a water-free system he assumes that the quinone 
splits water and is thus transformed into the peroxide hydrate. It may be, however, 
that the water is required for dissociation of the diphenol, the dehydrogenation in non- 
aqueous solution being inhibited by the stability of the hydrogen atoms under these 
conditions. 

it is obvious now that the original theory of Bach has mixed up two entirely dif- 
ferent things: the substances thought to bo organic peroxides (“oxygenases”) are actually 
quinones and have no direct relationship to Bach’s “peroxidases”. Tho latter may be 
enzymes as well as biological iron complexes of similar action, like hemins, or even 
simple iron systems, in short every compound able to utilize H 2 0 2 in reactions of the 
peroxidatic type. The secondary action of H 2 0 2 will have to be taken into account when- 
ever autoxidation takes place in the presence of iron. (See also Bach 50), Pugh 938), and 
Wieland 1328)). 

True Organic Peroxides: Even though it is to be admitted that the part of 
Bach’s theory dealing with “oxygenases” is untenable in the light of newer knowledge, 
this does not mean that true organic peroxides may not intervene in oxidation catalyses. 

It cannot be denied that certain peroxides arise through simple autoxidation and in 
such a manner that even Wieland does not interpret the reaction as a dehydrogenation. 
As has been found some time ago by Wieland and later confirmed by Jorissen and 
van dek Berk 507), aldehydes, when oxidized in the absence of water, will yield peracids. 
Wieland and Richter 1323, 1324) have observed recently that benzaldehyde forms 
benzoperacid even in aqueous solution and since quinone or methylene blue are not 
reduced, not oven in presence of ferrous iron, the reaction cannot be interpreted as a 
dehydrogenation of a benzaldehyde hydrate in a manner analogous to tho dehydroge- 
nation of acetaldehyde. 

In this instance, then, the primary addition of the “unfolded” oxygen molecule 
( — 0 — 0 — ) does not cause the loss of H + by tho donator but rather the transformation 
of the primary moloxide (I) into a true peroxide, which here is a peracid (II): 

/°\ R'C=0 

BCH 0 -> I, 

\ / 0— OH 

0 


I. 


II. 
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The perbenzoic acid in turn oxidizes a second molecule of benzaldehyde to benzoic acid 
in the absence of water, while in aqueous solution the aldehyde hydrate is dehydro- 
genated (see below). Wieland assumes that in this instance the carbonyl group and not 
the hydrogen is "activated” which would mean that the oxygen molecule is deformed by 
the residual valency forces of the double bond in the same manner as is usually ac- 
complished by polyphenols, leuco bases or ferrous iron. According to Kuhn (p. 125), 
though, the so-called autoxidation of benzaldehyde is in reality a heavy metal catalysis; 
a view held to be too radical by Wieland 1323, 1324). He admits that the reaction, in 
most cases, is indeed a metal catalysis, but he maintains that even perfectly pure ben- 
zaldehyde is oxidized. The autoxidation of benzaldehyde has been treated by Haber and 
Willstatter 437) as a chain reaction, involving unpaired radicals and initiated by 
heavy metal. In agreement with this view the process may be checked by substances 
known to function as chain-breakers (Jeu and Alya 502a), Schwab et al. 1040)). 

Similar peroxides are produced by the reaction of aldehydes with H 2 0 2 (Wieland). 
Hero the H+ migrates to the carbonyl group, yielding for instance dihydroxymethyl 


Hg H 2 

peroxide, ^)C — 0 — 0 — , from formaldehyde. Ethyl alcohol may thus give a 

OH OH 

OH 

peroxide of the constitution CH 3 CH^ 

0— 0— H 


(Wieland 1300)). Bieche 983) has 


isolated similar compounds. The breakdown of those peroxides presents itself as a normal 
dehydrogenation within the molecule itself or between two molecules. Thus the formation 
of acetic acid from peracetic acid in aqueous solution is the result of the dehydrogenation 
of acetaldehyde hydrate by the peracid: 

CH 3 CH(0H) 2 + 0 OH -> 2 CH 3 COOH + H 2 0. 

yC-CH a 
0 


In this way peroxides may function as intermediates in dehydrogenations (Wieland 
1300)). In the course of enzymatic dehydrogenation of aldehydes, however, no peroxi- 
des have been detected. It appears that here the oxidation proceeds from the very be- 
ginning as a pure dehydrogenation via the aldehyde hydrates. 

The oxidation of pyruvic acid by hydrogen peroxide, 

CH 3 C0C00H -f H 2 0 2 -> CH 3 -COOH + C0 2 -f H 2 0 (Sevag 1045)), may proceed 
through a peroxide stage which has been described previously by Wieland and Winoleb 
1330). Wieland 1300) assigns the structure CH 3 — C — COOH to this compound. Peroxide 

/\ 

OH OOH 

formation is also postulated in the course of oxidative deamination of amino 
acids. Bergel et al. 95) have shown that not only ordinary amino acids but also those 
carrying substituents at the nitrogen atom are oxidized with animal charcoal as the 
catalyst. Inasmuch as a primary dehydrogenation is excluded in this case, the authors 
assume intermediary peroxide formation involving the nitrogen atom: 
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ECH — N ( | . 

I \ x o 

COOH (CH 3 ) 2 

Krebs 604) hypothecates an analogous schema for non-substituted amino acids, but 
only for the unnatural d-amino acids, obtaining during the oxidation by amino acid 
dehydrogenaso. The peroxide configuration which he has in mind, however, corresponds 
to the usual "adduct” rather than to a well-defined peroxide; to postulate the latter 
would be superfluous in view of the smooth and rapid pure dehydrogenation by acceptors. 
This point of view T is supported by the fact that 1I 2 0 2 is produced as a result of dehydroge- 
nase action (Keilin 646)) and that dehydrogenases will not attack amino acids devoid of H 
at the N, though this should not interfere with peroxide formation in the sense of Bergel. 

When unsaturated fatty acids undergo autoxidation, a peroxide of the pro- 
bable configuration li — CH — CH — K-COOH is formed. As an alternative structure the 

u 

formula E — C=C — E is discussed by Ellis 219). The latter formulation, however. 


OH OH 

may be considered to represent an equilibrium form, existing in the further course of the 
breakdown of the substrate, rather than a substitute for the poroxide. Ellis has isolated 
an "oxidoelaidinic acid” from elaidinic acid subjected to autoxidation; ho was also 
able to synthesize it. Tho compound is relatively stable. This peroxide formation by 
addition of — 0 — 0 — may bo a spontaneous process as indicated by the term autoxi- 
dation. But it is possible to accelerate the reaction by suitable catalysts, e.g. homins 
(p. 124), other iron compounds, and a variety of organic compounds. The same applies 
to tho caso of the carotenoids. Because of their many double bonds they are much 
more rapidly attacked by oxygen than the fatty acids. The carotenoids aro able to 
transfer oxygen (900)); at the same time they suffer deep-seated oxidative decomposition 
(Franke 364)). 

The acceleration of autoxidation by catalysts has been extensively studied by 
Franke 364). Very different substances are active: bases, like aniline, certain amino 
acids (prolino, histidine, arginine, lysine, tryptophane, and leucine), certain sugar like 
substances, particularly methylglyoxal, ascorbic acid (Holtz 492)); and also sterols, bile 
acids, cysteine, the carotenoids, and vitamin A, SH-glutathionc (Dixon 212)). The 
action of carotenoids and vitamin A has been fount! by v. Euler 327, 281); Monaghan 
834) claims that they are only active in tho oxidized state and that otherwise they will 
inhibit the oxidation. Paoe 912) found amino acids without effect on the oxidation of 
phosphatides. It is not possible to develop a satisfactory theory encompassing all of 
these activators. 

In the case of the bases Franke assumes that tho entire molecule is made more 
labile by the salt formation which would thus increase tho affinity to the 0 2 -molecule. 
Franke and also Eona 1000) would interpret the catalyses in general as chain reactions. 
This is not improbable since the only substances found to inhibit the autoxidation are 
readily oxidizable phenols, the strongest negative action being exhibited by adrenaline 
(Franke). These inhibitors act as "antioxygens” by breaking off the chain. Eona 
pictures their action as causing a dissociation of the primary addition product of oxygen 
and substrate into the components. The activating effect exerted by pyridine and 



122 


ORGANIC PEROXIDES 


nicotine is interpreted in terms of stabilization of the primary adduct. A detailed study 
of the action of various polyphenols as antioxygens is due to Mattill 758). According 
to this author and to his collaborator Olcott 900) a prerequisite for this action is the 
attachment of two OH groups directly to the benzene nucleus with the exception of the 
naphthols. 

It is of interest to inquiro whether the promotion of peroxide formation at the 
doublo bonds of unsaturated fatty acids by readily oxidizable activators is due to a 
primary peroxide formation at the latter. This question cannot yet be answered. In the 
case of catalysis by thiols, for instance, the possibility of a peroxide configuration at 
the sulfur has been considered (Szent-Gyorgyi), whereas Harrison 455) suggested the 
formula E-S-OH. 

The acceleration brought about by carotenoids is of biological interest. They appear 
to promote not only the oxidation of unsaturated fatty acids, but also that of other 
systems (v. Euler 258)), e.g. ascorbic acid -j- glutathione, especially in the presence of 
adrenaline. Joyet-Lavergne 514) reports that vitamin A transfers oxygen to gluta- 
thione. His histochemical experiments were carried out with chondriosomes. Com- 
plex oxidation systems, e.g. 0 2 — > carotenoids — > glutathione — > fatty acids, are another 
possibility. 

Catalytic action in oxidation processes has boon attributed to a number of lipoids, 
e.g. to a water-soluble phosphatide of plant origin (Gutstein 425)), colloidal lecithin 
(Magat 745)), colloidal cholesterol (Eemesow et al. 977)). Although these effects might 
find their ultimate explanation by a peroxide mechanism, traces of heavy metals cannot 
be excluded as yet as causative agents. The same applies with even greater force to the 
“lipoxidases” of Andre and Hou 28) present in soya bean milk and capable of oxidizing 
oils and of converting guaiac into a blue dye. 

If we concede the possibility that carotenoids and sterols (about ergosterol seep. 125) 
may form true peroxides by attaching oxygen to their double bonds, we would also have 
to admit that these peroxides inay conceivably promo to or catalyze the oxidation of 
unsaturated fatty acids. They may do so either by transmitting their entire oxygen to 
tho fatty acid and thus converting the latter into an unstable peroxide or by an induced 
oxidation of tho type visualized by Engler. The latter would, of course, be no longer a 
true catalysis, since the carotenoid peroxido, while transmitting some of its oxygon to 
unsaturated fatty acids, would itself undergo oxidation. Franks claims that this is the 
case. The doublo function of the carotenoid peroxidos, then, would be that of an inter- 
mediate in the dosmolysis of the carotenoids and of an agent inducing oxidations of other 
metabolites. The fatty acid peroxides, on the other hand, might perhaps best be regarded 
mainly as intermediates in fatty acid decomposition, inasmuch as we have no evidence 
for secondary oxidations induced by them. Just as peracetic acid represents an inter- 
mediate which may break down into acetic acid -f- H 2 0 as well as into acetaldehyde 
-f* H 2 O 2 (Wieland 1300)), fatty acid peroxides may further change to hydroxy-keto- 
acids, R*CO*CHOHR'COOH, which may either suffer further decomposition in the 
course of intermediate metabolism or which may polymerize to form resinous products, 
an example being the drying of oils (Goldschmidt and Freudenberg 407)). This latter 
process represents probably a chain reaction involving heavy metal (see next section). 
While studying the autoxidation of linolic and linoleic acid Hinseerg 489) found strongly 
acid substances of reducing character. It is doubtful how far such mechanisms correspond 
to physiological happenings and to which extent they play a role in the principal train 
of metabolism. Most workers consider the so-called /J-oxidation of fatty acids as the pre- 
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pondorant mechanism; here the primary dehydrogenation occurs at a place in the mole- 
cule quite distant from the double bonds, namely, between the first and second C atom 
counted from the carboxyl group (p. 256). Only the quantitatively unimportant oxidation 
of methyl groups, the so-called a>-oxidation, is to be considered as a true oxidation 
according to Kuhn and Kohler 650). 

2) Heavy Metal Catalysis via Peroxides. 

The question as to whether catalytically active metals form true peroxides as 
intermediates in the transfer of active oxygen, is not new. It still remains to be con- 
clusively answored. 

For purposes of discussion wo differentiate between oxidative and peroxidative 
action. 

When considering oxidative catalysis we shall eliminate as a matter of principle 
all those instances where the metal complex (mostly iron) is a redox system and functions 
by virtuo of a reversible change between two states of valency (e.g. Ferrous Ferric 
form). There remain then only those cases where no primary dehydrogenation can take 
place. It must be remembered that mere peroxide formation at the metal is not sufficient 
to establish a truly catalytic schema. If we adopt the schema of Engler, the reaction of 
the peroxide according to Fe 11 • • *(OH) 2 -f Acc— >Fe n, OH + Acc.OH, at least at neutral 
reaction, is no catalysis (Madelung); Fe m 0H is changed no further. The experiments 
of Manciiot on the oxidation of arsenite via an iron peroxide, Fe0 2 , suggest merely an 
inducod reaction. In their experiments on the oxidation of glycolic acid Goldschmidt 
et al. 406), too, arrive at the conclusion that this oxidation by iron salts represents an 
inducod reaction with an intermediary formation of Fe 11 -peroxides. The postulate of 
Wieland and Franke 131), that the Fe 11 stage must be regenerated if a catalysis 
is to ensue, is not fulfilled here. This means that the entire oxygen originally taken up 
must be transferred to other molecules. In contrast to his earlier views Manciiot is now 
inclined to believe that the peroxide may indeed yield all of its oxygen to an acceptor. 

In general it is often difficult to draw a line betweon oxidative and dehydrogenation 
catalysis. Certain phenomena are explained by Wieland as dehydrogenations which 
Manchot prefers to interpret as true oxidations. The dualism is evident in the catalytic 
oxidation of arsenite and of sulfite by iron in the form of ferropyrophosphate. The former 
is explained by Smith and Spoeiir 1060) as a reaction involving a "moloxide”, while 
in the latter case both mechanism are held possible but the moloxide mechanism con- 
sidered more probable. Wieland 1323, 1324) believes that the oxidation of benzaldehyde 
as catalyzed by metal in aqueous solution, involves a peroxide of the aldehyde, cf. 
Franke (l.c. 288, p. 198)). 

A similar situation exists with regard to the peroxidatic action of heavy metals 
(p. 70). In most instances the correct explanation will bo found in assuming a catalysis 
involving a change in valence of the metal and a reduction of the H 2 0 2 . While this takes 
care of the simple metal compounds and derivatives, there remains a residue of non-dehy- 
drogenating catalyses which may perhaps be explainable in terms of peroxide formation at 
the metal. The hemin catalyses present a particularly perplexing situation inasmuch as 
they afford evidence neither for a valency change nor for peroxide formation. It is assumed 
that unchanged ferric iron functions as catalyst both in the peroxidatic and catalatic de- 
composition of H 2 0 2 (Haurowitz 467)). Methemoglobin, for example, forms a spectros- 
copically well defined complex with hydrogen peroxide in a molecular ratio of about 1 : 1 



124 


HEAVY METAL CATALYSIS VIA PEROXIDES 


(Kobert 584), Haurowitz 467), Keilin and Hartree 545). The behaviour of this inter- 
mediate towards various reagents suggests that the iron is still in the trivalent state. The 
complex decomposes spontaneously to form molecular oxygen (and presumably water). 
Recent observations by Keilin and Hartree 549), on the other hand, lend themselves to 
the interpretation that the enzyme catalase which like methemoglobin possesses proto- 
ferrihemo IX as prosthetic group, when acting upon hydrogen peroxide, is reversibly 
reduced to the ferro form which subsequently is reoxidized. Hydrogen peroxide is claimod 
to be a specific reductant of catalase. Weiss 1289a), in a recent theoretical review of the 
reaction mechanism of catalase and peroxidase in the light of the theory of chain reactions, 
concurs with Keilin in this view. He enlarges upon the physical chemical implications 
as follows: “ The role of the iron ions in the porphin ring — such as in the respiration 
ferments and catalase — is to mako possible a very quick electron transfer, i.e., the 
reversible change between the divalent and trivalent state.*’ He adds, in the form of 
a footnote, “This is probably because the change of valency of the iron in the porphin 
ring system is taking place without appreciable movoment of heavy particles and not 
as it could be in the case of ferrous and ferric ions, when the water dipoles in the hy- 
dration shell undergo a rearrangement when the charge of the central ion is changed. 
On the other hand, the system of conjugated double bonds around the iron in tho hematin 
group permits — through their loosely bound n-electrons — a rapid “conduction” of 
the inner olectron.” 

We have as yet no satisfactory explanation for the mechanism of the oxidation of 
— C = C — bonds by hemins -f H 2 0 2 . If the intermediary production of a peroxide at the 
heme iron is postulated ono has to explain how this peroxide reverts to the Fe n -stage which 
is necessary for the establishment of catalysis. Wieland 1312, 1316) has tried to identify 
the process as a dehydrogenation catalysis (see also Bertho (l.c. 105, p. 727)), whereas 
Manchot 750, 751) defends the peroxide hypothesis. This author suggests that not the 
usual type of a peroxide, Fe-*0 2 , but a compound of the schematic formula Fo 2 0 6 or 
Fe • • -(OH) 3 is formed by transformation of an adduct FeS0 4 • -H 2 0 2 ; the latter is considered 
as a salt of H 2 0 2 , namely Fe(OH) 2 * 0 -OH, by Haber and Weiss 436). Similar ideas 
have been expressed by Shaffer 1046) for the course of the oxidation of ferrous salts and 
by Dhar 200) for the induced oxidation of formic acid by Fe and Ce ions. The formation 
of the adduct is considered to be tho primary reaction in any case by Manchot and 
Pflaum 751). Thereby Manchot modifies to a certain degree his previous postulate of 
the formation of well-defined peroxides (see for instance Manchot and Lehmann 750) 
where a reduction of Fe 2 () 6 by an excess of H 2 0 2 was assumod) and he approaches the 
more general idea of reactivo complexes in the sense of Bronstedt which would bo able 
to explain tho mechanism of the catalysis (see also Wieland 1306), p. 70). A regene- 
ration of the ferrous form by suitable concentrations of H 2 0 2 and thus a true catalysis 
is held likely to occur only to a restricted extent, whereas in general Fe 111 is assumod to 
be formed. It should be remembered that Manchot’s entire considerations (see also 
762)) refer less to a catalytic process than to induced reactions. 

The equation for the over-all reaction, as proposed by Manchot, 

2 FeS0 4 + 3 II 2 () 2 + 2 H 2 () = 2 Fe(OH) 3 + H 2 S0 4 + 0 2 , 
is not accepted by Haber and Weiss 436). These authors assume that tho process is a 
chain reaction. The chains are relatively short and they terminate whenever ferric iron 
is formed (Goldschmidt 406)). The effect of peroxides of metals other than iron has been 
studied by Gallagher 387) and Cook 183). 

It would appear then that in iron compounds other than hemins, i.e. ions or simple 
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complexes, only the ferrous and not the ferric form is active as “peroxidase”; this has 
been shown directly by Simon and Heetz 1057) and indirectly by Kuhn 678) who 
reports that reduction of ferric iron at graphite surfaces will increase its catalytic activity 
by a factor of 10 5 . If we assume that the ferrous forms act by virtue of peroxide formation, 
we have to assume that these are changed back to the original ferrous form during the 
catalysis. But how this happens is not known. 

There follow some data concerning oxidations, involving a true uptake of oxygen, 
which cannot be explained on tho basis of dehydrogenation. 

Wieland 1323, 1324) has shown that benzaldehyde is autoxidizable without dehy- 
drogenation, perbcnzoic acid being an intermediate. In spite of this the ordinary autoxi- 
dation of benzaldehyde is a heavy metal catalysis which outweighs by far the weak or 
negligible autoxidation, e.g. in aqueous solution (652, 964, 782)). According to Eaymond 
696) radiation is also effective. Kuhn and Meyer 652) find that the oxidation, when 
catalyzed by traces of Fe, Cu, Ni, Mn, or by pyridine hemin, is cyanide sensitive. The 
oxidation of aldehydes by Mn0 2 via peroxides has been studied by v. Braun and Keller 
143). Wieland has confirmed the catalytic activity of iron; but his careful investigation 
has failed to elucidate the mechanism. An orange colored complex which is formed rapidly 
with ferrous iron and only slowly with ferric iron and which Kuhn suspected to bo the 
catalyst proper has no significance according to Wieland; it is a ferric complex salt of 
perbcnzoic acid. Kuiin and Wieland find that Fc 11 acts rapidly and that the very low 
activity of Fe 111 increases with time. There must exist therefore a mechanism whereby 
Fe m is reduced back to Fe 11 after it has arisen in the induced reaction via the peroxide 
Fo n 0 2 . A typical dehydrogenation does not occur since the aldehyde hydrates which 
have no other mobile hydrogen, e.g. chloral hydrate, are resistant against catalysis by 
iron; nor does quinone act instead of oxygen in the system aldehyde-Fe 11 . Perhaps a 
chain mechanism operates in this case as it does in that of tho unsaturated fatty acids 
(Wright et al. 1350); see below). 

From a biological point of view as well as a model the marked acceleration of autoxi- 
dation of unsaturated fatty acids by metals assumes importance. This reaction proceeds 
via peroxide stages; it may bo catalyzed both by simple complex salts, e.g. copper ascor- 
binate (Holtz 492)), as well as by very stable complexes like tridipyridyl ferrous salts 
or hemins. The latter might well have a significance in metabolism. The catalysis is 
cyanide resistant. It might possibly account for a part of the so-called iron-free respiration 
at the expense of fatty acids. 

In the oxidation of oleic acid by ferricyanide a complex situation was encountered 
by Wright et al. 1350). A change in valence cannot be demonstrated; oleic acid does not 
reduce ferricyanide, and ferrocyanide is not autoxidizable. The process has been studied 
from the point of view of a chain mechanism by Chow and Kamerlino 168). Oleic acid 
will reduce Fe 111 only in presence of 0 2 . Fe 11 alone is completely inactive. Otherwise the 
rate of oxidation depends on the redox potential Fe n /Fe in ; tho more positive the latter 
the greater will be the rate of reaction. 

Ergosterol has been found to be oxidized by free hemin (Kuhn); this catalysis is 
cyanide-resistant. According to Mayer 784) a peroxide is produced as an intermediate. 

With phosphatides as substrates iron is most active as catalyst while copper only 
slightly active. Kephalin absorbs more oxygen than other phosphatides; it represents the 
only phosphatide which is oxidized with cobalt as catalyst (Page 912)). 

In view of the fact that the catalysis involves neither a change in valency nor the 
production of peroxides at the non-autoxidizable highly complex ferrous compounds 
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or at the difficultly roduciblo ferric compounds, Franke (288, p. 195) favors the opi- 
nion that tho iron catalysis is not at all concerned with the primary formation of the 
peroxide configuration, — CH—CH — , but only with its further change via 

i i 

O —0 

— CO — CHOH — and its oxidative breakdown. He assumes that the iron system reacts 
peroxidatically with the organic peroxide in such a manner that it is further transformed 
by dehydrogonation-hydrogenation reactions. It may be that tho oxidation of fat in 
situ by Cu and Fe, as observed by Rosenthal and Voegtlin 1006), is to bo explained 
in this manner. 



Special Part. 

D. The Enzyme System. 

I. Theoretical Considerations. 

1) The Enzymes of the Main Path; Uydrokinascs. 

The differentiation between Dehydrogenases and Oxidases, though open to 
considerable criticisms, is retained here for purely practical reasons. Both groups belong 
to the great class of Desmolases which catalyze oxido-roductivo processes of an essen- 
tial dehydrogenating character. They might also bo called Oxidoreducases, but it 
appears preferable to uso instead the term Hydro kinases. The latter was originally 
introduced by Wieland as an alternative for “dehydrogenases”; however, this term 
expresses beautifully the current concept underlying the action of all tho enzymes of 
this class according to which they “cause hydrogen to move” (From the Greek u8co<?, 
hydrogen, Kivelv, move). Tho dehydrogenases and oxidases, as subgroups, are no 
longer distinguished with respect to fundamental divergence in theory but rather by the 
superficial form of their aclion and by their chemical constitution. 

The dehydrogenases art) defined, in accordance with Wieland, as enzymes endowed 
with a rather pronounced donator specificity and a limited acceptor specificity. We have 
to distinguish between those dehydrogenases which are able to react directly with mole- 
cular oxygen (aerobic dehydrogenases (Dixon 212)) or better oxytropic dehydroge- 
nases (Thunbekg 11(J9)), and those which are unable to do so (anaerobic or anoxy tro- 
pic dehydrogenases). The latter may utilize oxygen only w T ith tho aid of a separate, 
autoxidizablo system which may contain heavy metal or quinoid groups. The anoxy- 
tropic dehydrogenases function as important links in the intricate reactions leading the 
metabolic hydrogen of tho primary anaerobic processes to the terminal respiratory 
system. One of them is cytochrome c, one of the very few non-autoxidizable hemin deri- 
vatives. The principle according to which the main chain is constructed is undoubtedly 
to provide only for one component capable of direct reaction with oxygen, thus forcing 
the other catalysts to fall in lino. The donator closest to the cytochrome may be the furaa- 
ric system, or the yellow enzyme (flavoproteid), or diaphorase (see p. 22b). 

The oxytropic dehydrogenases may fulfill tw r o different functions. On the one hand 
we have the aldehydrasos and alcohol dehydrogenases as important catalysts in anoxy- 
biontic fermentation processes. It must be mentioned, however, that recent work makes 
their capability to react directly with oxygen rather questionable. Thus Euler assumes 
that tho alcohol dehydrogenase is one of the pyridine enzymes and that it will react with 
0 2 only through the participation of the yellow enzyme. Reichkl claims the same for 
the aldehydrase. On the other hand, certain oxytropic dehydrogenases appear to catalyze 
special aerobic reactions occurring apart from the main chain of carbohydrate desmolysis, 
e.g. the oxidation of purines (xanthine dehydrogenase). One might be tempted to classify 
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the yellow enzyme with the oxytropic dehydrogenases. In the fully respiring cell its 
action is entirely or at least predominantly anoxytropic, while in special cases this en- 
zyme may establish a true respiration; this takes place if no hemin system is present or 
if the latter is damaged. 

For the sake of systematizing the group of oxidases might be placed at the side 
of tho dehydrogenases. These systems are characterized by two features; they react 
exclusively with oxygen as acceptor and they are heavy metal systems which may be 
poisoned by HCN as well as in many instances by CO. The "classical” oxidases, i.e. the 
chromo-oxidases attacking aromatic chromogens, may be divided into three subgroups, 
namely, tho “indophenoloxidase” which attacks preferably para compounds, the poly- 
phenoiase (catechol oxidase) proper which oxidizes ortho compounds, and the mono- 
phenolase (previously called tyrosinase). The most important oxidase is the cyto- 
chrome oxidase. In addition we encounter forms of intermediate properties, e.g. 
enzymes which will react exclusively with oxygen as acceptor but which are cyanide 
resistant. An example are the amino acid oxidases. These and similar enzymes 
represent alloxazine proteids (see pp. 189 and 197); they may be oxytropic dehydroge- 
nases. Tho alanine oxidaso is such a catalyst. For the time being they may bo grouped 
together as oxliy drases so as to indicate that they are dehydrogenases which will exclu- 
sively reduce oxygen. It is as yet not possible to name the reason why certain enzymes 
show an absolute specificity for oxygen. The cause may be of thermodynamical charac- 
ter, related to tho normal oxidation-reduction potential of these catalysts, or it may be 
related to the chemical structure of these enzymos. In contrast to their rigid acceptor 
specificity the chromo-oxidases show a less pronounced donator specificity. Some of 
the classical oxidases may not bo enzymes at all but just simple metal salt systems 
capable of forming autoxidizablo complexes with chromogens. Theoretically perhaps the 
most intricate type of enzymes are the peroxidases which will only use hydrogen 
peroxide or other peroxides as acceptors. It should bo remembered that their action, the 
reduction of H 2 0 2 , is not only the most important one from the point of view of onergy 
gain (the primary reduction of oxygon to 1I 2 0 2 yields much less energy), but also that 
they effect the ultimate oxidation of the cliromogens while the first step, as catalyzed 
by tho oxidases, leads to the establishment of equilibria (see Fkanke (288, p. 152, 284)). 

2) Auxiliary Enzymos of Desmolysis. 

Desmolysis, in order to proceed smoothly, requires a series of auxiliary enzymos 
besides the enzymes of the main path, the hydrokinases, which transfer hydrogon from 
the first donator in anaerobiosls over other redox systems to the molecular oxygen. At 
various stages of anoxybiosis and oxybiosis there arise substances which cannot be 
dehydrogenated in tho normal way and which have to be transformed prior to further 
dehydrogenation. Furthermore, one of the most important final stages of intermediary 
metabolism, the production of C0 2 , calls for a special type of catalysis. Other auxiliary 
enzymes serve the purpos" of decomposition of the last intermediary product of oxidore- 
ductive catalysis, of H 2 0 2 ; it is the ultimate reduction of oxygen to water which yields 
the last and large amount of free energy stored in the metabolic hydrogen. Then there are 
certain enzymes of doubtful classification which have been found mainly in bacteria 
and which perform certain special tasks. Wo might, then, group the auxiliary enzymes 
loosely into auxiliary enzymes of anoxybiontic metabolism, of terminal 
oxidation, and the last mentioned group of special enzymes. 
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The auxiliary enzymes of anoxybiosis may be divided again into three or perhaps 
four subgroups. The most conspicuous of these is that of the carboxylases. 
These catalysts are responsible for the formation of C0 2 , which together with HjO 
represents the ultimate product of any type of metabolism, fermentative or respiratory 
in nature. While docarboxylation in plants, particularly in yeast, consists of the decom- 
position of an a-ketocarboxylic acid into C0 2 and the next lower aldohydo, decarboxy- 
lation in animal tissues appears to be of the oxidative type (p. 250). Another subgroup 
is that of the hydratases. At various stages of desmolysis we encounter intermediates 
which cannot be directly dehydrogenated. The simplest case is that of the aldehydes 
which may only be dehydrogenated in the hydrate form R •CH(()H) 2 (Wieland). However, 
these hydrates arise spontaneously in aqueous solution as can be shown spectroscopically 
(Schou 1033), Fromaoeot 377)) ; a special hydratase is therefore unnecessary in this 
case. The only instance where an enzymatic catalysis of hydratation has been established 
beyond doubt is the transformation of fumaric acid into malic acid. The equilibrium 
fumaric acid H 2 0 malic acid is catalyzed in a fully reversible manner by the enzyme 
fumarase, also called fumaric hydratase (Jacobsohn). Malic acid in turn may be 
further dehydrogenated to oxaloacetic acid which may bo successively decarboxylated 
to form pyruvic acid and then acetaldehyde. It is as yet undecided whether the mutases 
belong to the group of hydratases. The evidence available indicates that the dismu- 
tation of aldehydes to form alcohol -f- carboxylic acid is not, or at least not always, 
catalyzed by the aldehyd rases proper. Dixon and Lutwak-Mann 216) have obtained 
a preparation from milk exhibiting pure aldehydrase activity without any mutaso action 
and a liver preparation with pure mutase action and without any dehydrogenating 
activity. If we accept their existence, mutases may either be dehydrogenases, i.e. alde- 
hydrases utilizing a second aldehyde molecule as acceptor (Schema I) or they may bo 
hydratases reacting according to the usual scheme of dismutation (II): 

I. CH, CH(OH) 2 + CH 3 CHO 0H 3 COOH + CH, CH 2 0H 
II. CH 3 CHO + H 2 0 -f CH 3 CHO -> CH 3 COOH + CH 3 -CELjOH 

For a better understanding of this problem the following observation of Dixon and 
Lutwak-Mann 216) may be significant: enzymatically pure aldehyde mutase will also 
attack methyl glyoxal and disproportionate it to form pyruvic acid and acetol: 

CH 3 C0 CH0 1 ) CHa-CO COOH 

+ H.0 

CHj-CO CHO ) ) CHj-CO-CI^OH 

As is well known, glyoxalaso (ketonealdobyde mutase), on the other hand, will react with 
methyl glyoxal in such a manner that one molecule of the substrate undergoes an 
“intramolecular Cannizzaro reaction’’ (Neubero) yielding lactic acid: 

CH 3 CO-CHO + HjO -> CH 3 CHOH -COOH. 

Thus the two enzymes change the same substrate in a fundamentally different manner, 
a cloar documentation of the principle that a catalyst may not only affect the rate but 
also the course of a reaction by selectively enhancing one of several possibilities. It 
appears warranted to consider glyoxalase as a hydratase and the aldehyde mutase as an 
anoxytropic dehydrogenase with a unique acceptor specificity. The existence of such 
mutases is also indicated by the recent findings of Krebs (p. 274) concerning the enzy- 
matic dismutation of ketocarboxylic acids, where one serves as the acceptor, being 
reduced to the hydroxyacid, and the other as the donator, being probably dehydrogenated 

Oppenheimer-Stern, Biological Oxidation. 
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in the ortho form R*COC(OH) 3 ; in the course of this reaction the terminal C0 2 looses 
its foothold as it were and is split off. There is evidence that the agon of these special 
dehydrogenases is identical with that of carboxylase (vitamin B 1 -pyrophosphate). 

A third group of auxiliary enzymes plays its role in the very early stages of the 
breakdown of sugars; they are contained in the complex system which is commonly callod 
"enzymes of the first attack”. We do not know how many individual enzymes take part 
here. Even the most recent schemata of sugar decomposition (Embden-Meyerhof) 
do not yet embrace the very first stages and begin with fructose diphosphate; glucose is 
only considered in these schemes at a stage where it is drawn into the process in a secon- 
dary manner, namely, in a coupled reaction. 

Our knowledge of this "first, attack” is limited to three general points: (1) there 
must take place an intramolecular rearrangement of the pyranoid hexose to a "reaction 
form of the sugar” the furanoid structure of which is indicated by the fact that fructose 
diphosphate itself is furanoid. (2) esterification with phosphoric acid must occur, and (3), 
the phosphor ylated hexose is broken down into two molecules of triose phosphoric 
acid. Reaction (1) is catalyzed probably by Meyerhof’s hexokinase which is closely 
related to or identical with Euler’s hetcrophosphatese which he now calls phosphory- 
lase *). In the case of glycogen or starch it is highly probable that there takes place a 
direct phosphorylytic cleavage into hexosemonopliosphates (Parnab). Recent experi- 
ments by Cori 185) show that the hexose monophosphate thus formed is hexose- 1 -phos- 
phate which is subsequently rearranged by an enzyme into hexose-6-phosphate. 

Whether Robison ’spliospho hexokinase which converts fructose monophospho- 
ric acid into glucose monophosphoric acid is an enzyme is not yet established. Reaction (2) 
is most certainly catalyzed by phosphatases. The important step (3) is catalyzed by the 
aldolase of Meyerhof and Lohmann 794) which is responsible for the following 
equilibrium reaction 

Dihydroxyacetone phosphoric acid * ± glycerinaldehyde phosphoric acid 

hexose diphosphoric acid. 

This enzyme undoubtedly represents the most important catalyst of the "first attack” 
and is therefore the most important auxiliary onzyme of the anaerobic sugar breakdown 
in general. A further enzyme, enolase, promotes the transition of phosphoglyceric into 
phosphopyruvic acid **). The enzymatic nature of carboligase, on the other hand, 
which allegedly catalyzes the condensation of aldehydes to acetoine, has become doubtful. 
This process is more likely a non-catalyzed reaction between free radicals where the 
acetoine formations represent a chain breaking process, or a spontaneous reaction 
between activated molecules. 

Other anaerobic enzymes with special functions are those which operate with 
molecular hydrogen; this gas is liberated by the action of the hydrolyases and fixed 
by the hydrogenases which are the only true reducases. Other special enzymes, like 
Burk’s azotase which is responsible for the assimilation of molecular nitrogen by cer- 
tain bacteria or the nitrataseof Green which promotes the reduction of nitrates, are 
hardly known as chemical individuals; their presence is inferred from the occurrence 

*) This form of the “first attack’’ concerns, naturally, only the free hcxoses. Doubts have 
been expressed lately whether such a phosphorylating attack on free hexoses occurs at all; perhaps 
the typical breakdown of carbohydrate in all cells begins with the direct phosphorylation of poly- 
saccharides only. 

**) For a fuller discussion of these enzyme systems the reader is referred to the recent review 
article by Meyerhof in “Ergebnisse der Physiologie” (788)). 
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of these unique reactions and from the generalization that all life processes are brought 
about by the action of enzymes. 

Auxiliary Enzymes of Terminal Desmolysis: These enzymes fulfill a function quite 
different from those just mentioned. They do not catalyze certain stages of the 
chemical breakdown of the substrates but they insure the utilization of oxygen 
to the largest extent possible while they protect the cell against toxic agents. The com- 
mon biological function of these catalysts appears to be the elimination of hydrogen 
peroxide which arises as a product of primary dehydrogenation reactions. Wo refer to 
tho peroxidases and catalases. The chomical nature of these enzymes will be discussed 
further below (p. 172). While there is no doubt that it is possible to propare catalase 
preparations free from peroxidase and vice versa, there appears to be a certain overlap- 
ping with respect to specificity; according to recent findings by Keilin and Hartree 
and of Haurowitz catalase may take part in peroxidatic reactions, especially under 
conditions which favor the action of catalase upon peroxidos in statu nascendi. The 
situation is furthermore somewhat complicated by the fact that a number of non-enzymatic 
systems, e.g. simple heme derivatives and iron salts, show a certain peroxidatic activity. 

The action of catalase, acc. to Wieland, consists in a dismutation of hydrogen 
peroxide: One U 2 0 2 molecule hydrogenates a second H 2 0 2 molecule in such a manner 
that the over-all reaction 

2 H 2 0 2 0 2 + 2 II 2 0 

is the result (see, however, p. 177). The peroxidases, on the other hand, are oxidizing 
enzymes. This is true because hydrogen from the substrate will reduce the H 2 0 2 : 

II 2 0 2 + 2 H -> 2 H 2 0. 

These reactions do not necessitate a valency change of the heme iron of the cata- 
lysts (Haurowitz). 

If one wishos to assign a place in the general system to the peroxidases they may 
be designated as phenol dehydrogenases with a prouounced donator specificity towards 
certain non-autoxidizable polyphenols and amines (guaiacol, pyrogallol, benzidine, 
triphenylmethane dyes, etc.) and with an almost absolute acceptor specificity towards 
H 2 0 2 . Other organic peroxides which have been tested were either not acceptors at all 
or much less effective (Wieland and Sutter 1328)). 

3) Survey of System of Desmolases. 

The following scheme may be taken as a preliminary attempt to bring order in the 
chaos; as such it has mainly formal interest. 


A . Enzymes of the Main Path: Hydrokinases . 

I. Dehydrogenases. 

Definition: Dehydrogenating, substrate-specific enzymes capable of reducing 
chemical acceptors. 

a) Anoxytropic Dehydrogenases. 

Definition: Enzymes reacting only with chemical acceptors and not with molecular 
oxygen; their complexes with the substrate are therefore not autoxidizable. 
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a) Heavy metal-free Systems. 

1) Acidodehydrogenases: Acetodehydrogenase, dehydrogenases for higher fatty acids, 
succinic dehydrogenase, glutamic acid dehydrogenase. 

2) Hydroxyacidodehydrogenases: Lactic, malic, /f-hydroxybutyric, citric dehydro- 
genase, etc. 

3) Pyruvic dehydrogenase 

4) Formic dehydrogenase 

5) Oxalic dehydrogenase 

6) Group of pyridine enzymes: Agon, pyridine nucleotides; natural acceptor either the 
yollow enzyme or diaphorase (Euler). 

Alcohol dehydrogenase (Agon, cozymase), triose phosphate dehydrogenase (Agon, 
cozymase), glucose monophosphate dehydrogenase (Agon, Warburg’s coferment). 

7) Other dehydrogenases of the sugar group. Relationship to group 6) not yet established. 
Glucose dehydrogenase (Harrison), triose dehydrogenase (Clift), glycerophosphate 
dehydrogenase, amylodehydrogenase (Thunberg). 

8) Diaphorase: Agon, an alloxazin nucleotid. Donator Diliydrocozy mase, accep- 
tor probably cytochrome b. 

Appendix: Acceptor-free dehydrogenation of organic substrates, mainly formic acid, 
with formation of molecular hydrogen (Hydrolyases (Stephenson)). 

/>) Hernin Systems. 

Cytochromes. Natural substrates probably flavoprotein (yellow enzyme), diaphorase, 
succinic acid, malic acid, perhaps glutathione. Natural acceptor ex- 
clusively the respiratory ferment (cytochrome oxidase). 

b) Oxytropic Dehydrogenases. 

Definition: Enzymes reacting with chemical acceptors as well as with molecular oxygen. 

1) Schardinger Enzyme. Agon, an alloxazine nucleotide. Substrates: Aldehydes, 
hypoxanthine, xanthine. Closely related to this enzyme: Nucleic acid dehydrogenase. 

2) Flavoprotein (Yellow Enzyme). Substrate very probably the pyridine enzymes of 
Warburg. Acceptors not definitely established, perhaps directly cytochrome b or 
certain dehydrogenases. 

II. Oxhydrases. 

Transition to Oxidases. Definition: Substrate specific dehydrogenating enzymes, 
apparently metal-free, preferential or exclusive acceptor-specificity for molecular 
oxygen; even thermodynamically permissible chemical acceptors are not or not apprecia- 
bly hydrogenated. Action is resistent against heavy metal poisons. 

1) Glucose oxidase (D. Muller), Ascorbic acid oxidase (Szent-Gyorgyi, Zilva). 

2) Amino acid dehydrogenases (Krebs, Kisch); Agon, an alloxazine nucleotide. 

3) Oxhydrases of amines: Diamin-oxliydrase (Histaminase) Monoainin-oxhydrase 
(Tyraminase.) 

Related enzymes: Proline oxidase, Thiosulfato oxhydrase (Pirie). 

III. Oxidases. 

Definition: Cyanide sensitive heavy metal systems with absolute affinity to oxygen 
as acceptor. 

a) Soluble Oxidases. 

1) Uncase. Related Enzyme: Allantoinase. 

2) Chromo-oxidases: Monophenolaso (Tyrosinase), Orthophenolases (Cu-Proteins) (Poly- 
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phenol-oxidase, Catechol-oxidase, Laccase) ; Paraphenolases (Phenylenediamine 
oxidase, indophenol oxidase (closely related to the respiratory ferment or perhaps 
derived from it by partial degradation of the bearer protein)). 

3) Luciferase: Donator Luciferin, structure unknown. 

b) "Insoluble” Respiratory Ferment. (Cytochrome oxidase). 

Pheohemin on a cell protein as bearer which is stated to be linked structurally to 
the cell but may be a macromolecular protein. Donator: One cytochrome component 
(probably cytochrome c). Related to indophenol oxidase and to cytochrome a. 

B. Auxiliary Enzymes of Desmolysis. 

I. Hydratases and Related Enzymes. 

1) Fumarase (Fumaric hydratase), Crotonase. 

2) Aldehyde Mutases (Mutase of Dismutation, Ketone aldehyde Mutase (= Glyoxalase)). 

3) Mutases of Ketocarboxylic Acids (Krebs), perhaps identical with Pyruvic Dehy- 
drogenase. 

4) Aspartase (— Fumaric Aminase (Jacobsohn)). 

II. Carboxylases. 

111. Carbonic Anhydrase. 

IV. Enzymes of the „Flrst Attack" on Sugars. 

Aldolase, Enolase, Hexokinase (Heterophosphatese, Phosphorylase (Euler)). 
Carboligase (Existence doubtful). 

V. Peroxidases. 

VI. Catalases. 

VII. Reducases. 

Donator: Molecular Hydrogen. 

1) Azotasos (Nitrogenases). Acceptor: Molecular Nitrogen (Burk). 

2) Hydrogenases. Acceptor: probably dehydrogenase systems, thiols, etc. 

II. Descriptive Chemistry of Enzyme System. 

Introduction. 

In order to appreciate the rate at which our knowledge of enzymes has progressed 
during the past decade it may be well to remember that Willstatter 1336a), in 1926, 
upon reviewing the facts then available, concluded that the enzymes are neither proteins, 
carbohydrates, nor members of any other well-known group of organic compounds. He 
introduced the important concept that an enzyme consists of a colloidal bearer and 
a prosthetic group. Today we know the chemical structure of the prosthetic groups 
of a number of enzymes in detail; some of them have even been prepared synthetically. 
The knowledge of the structure of the colloidal bearers is by necessity limited to the degree 
to which the structure of proteins in general is known. At the present time, therefore, 
the structural chemistry of enzymes cannot as yet embrace the protein part of these 
catalysts. 

Several favorable circumstances have contributed to these recent advances in 
enzyme chemistry. One of them was the amenability of some of the prosthetic groups 
to spectroscopic study, another the photodissociation of the carbon monoxide compound 
of the respiratory ferment. In other instances preparative methods have yielded the 
prosthetic groups in pure and crystalline form and in amounts sufficient for chemical 
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study. A great difficulty in the field of desmolases has been and still is the fact that 
these enzymes, to an extent far greater than in the instance of the hydrolases, appear 
more or less linked to the structure of the living cell. Those enzymes which are said to be 
intimately bound to the vital architecture of protoplasm, eg. the respiratory ferment or 
the principle associated with the Pasteur-Meyerhof reaction and that which is respon- 
sible for nitrogen fixation perish with the death of the cell. 

A further fortunate factor was the discovery that certain vitamines, namely, 
Vitamin B v Vitamin B 2 (G), and the antipellagra principle, represent components of 
enzymes or, more specifically, of the prosthetic groups of enzymes. The demonstration 
of the formation of an enzyme by reversible union of the prosthetic group with the bearer 
protein in the case of the yellow enzyme (Theorell, Kuhn) has led to a revision of the 
concept of coenzymes in general. Until then coenzymes, and cozymase in particular, 
had been generally considered to be a c t i v a t o r s of an enzyme complex (“apozymase”) ; 
no fundamental distinction was made between cozymase, for instance, and salts or 
other agents the presence of which is important for the activity of an enzyme. The now 
coenzyme concept visualizes the coenzyme as the prosthetic group of the enzyme; what 
was formerly considered to be the enzyme proper is now recognized as a part of the en- 
zyme, namely, as the bearer protein. (See, however, Oppenheimer's Supplement”, 
p. 1502). 

This change of concept has, unfortunately, created considerable confusion in the 
literature as to terminology. Should activators like glutathione which appears to be im- 
portant for glyoxalase action (Lohmann) still be termed coenzymes? Should the liemo 
portion of certain enzymes which do not readily reversibly dissociate into their compo- 
nents also be designated as coenzyme? In view of this situation it may perhaps be better 
to abandon the term co enzyme altogether, although names like cozymase 
or cocarboxylase which designate specific chemical entities might still be retained. The 
prosthetic group of an enzyme could more appropriately be design ated as the “agon” 
and the bearer protein as the “pheron”, the whole compound as a “symplex” in 
accordance with suggestions made by Willstatter and by Kraut. 

1) The Hemin Systems, 
a) General. 

Four important biocatalysts have thus far been recognized as hemin derivatives, 
Warburg's respiratory enzyme, Keilin’s cytochromes, peroxidase and catalase. Inas- 
much as our present knowledge of these substances is mainly due to spectroscopic measu- 
rements, either indirect or direct in nature, it is proposed to deal first with the absorption 
spectra of these catalysts and with their behaviour towards specific inhibitors and other 
agents. The spectroscopic observations refer mainly to the visible region of the spectrum, 
i.e. to the range from 400 to 700 millimicron; the absorption in the ultraviolet region is 
primarily due to the protein components of these enzymes and thus far has not yielded 
information beyond the fact that the typical absorption band of proteins around 260 to 
280 millimicron is shown by preparations of these enzymes. 

Absorption Spectra: 

The first absorption spectrum of any enzyme to be obtained was that of the respi- 
ratory ferment. It was measured by an indirect method specially devised for this purpose 
by O. Warburg. The principle underlying this method and its theory appear of such 
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paramount importance for the problem of biological oxidation in general that it shall 
be treated in some detail. Besides the original papers of Warburg, the review articles 
by Reid 974) and by Zeile 1372a) shall be drawn upon for this exposition. 

Originally, Warburg 1216a) conceived the “Respiratory Ferment” as the sum of 
all catalytically iron compounds in the cell. In the course of subsequent work he was able 
to characterize it as a well-defined enzyme the active group of which is anchored to the 
cell structure; it contains ferric iron which oxidizes the substrates through the mediation 
of a number of intermediary catalysts. In accordance with this modification of concept 
Warburg proposed to call the respiratory ferment henceforth ‘‘oxygen transferring en- 
zyme of respiration”. The term respiratory ferment, however, has been so firmly entren- 
ched in the literature that we shall continue to use it here, partly also for the sake of 
brevity. 

The type of linkage of the iron in the respiratory ferment was established by War- 
burg’s fundamental observation (1221)) that the respiration of yeast, as measured in 
terms of oxygen uptake, is diminished by adding carbon monoxide to the atmosphere and 
that this inhibition is partly relieved by illumination; upon returning the cells to the dark 
the inhibition is restored. This can only be explained by assuming that the respiratory 
catalyst forms a complex with CO which is catalytically inactive and which is reversibly 
dissociated by light. Precisely this behaviour had previously been observed with carbon 
monoxide hemoglobin by .T. B. Haldane and Smith and with iron pentacarbonyl by 
Dewar and Jones. Nickel carbonyl, on the other hand, was known not to be subject 
to photodissociation. Later, Warburg and his associates observed the reversible photo- 
decomposition of CO-ferrous cysteine (Cremer 191)) and of CO-hemochromogens (Krebs 
596)). The fundamental principle of photochemistry is that only that part of the radiation 
which is absorbed by the system can exert any photochemical effect. If the absorption 
spectrum of a compound is known it can therefore be predicted that that wave-length 
of light which will have the greatest photochemical effect on the substance will coincide 
with the absorption maximum as determined by spectrography. If, conversely, the 
direct absorption spectrum of a substance is unknown, the relative photochemical effi- 
ciency of monochromatic radiation of varying wave-length should permit one to obtain 
the “indirect” or photochemical absorption spectrum of the compound. This is of par- 
ticular importance where the concentration of the unknown substance is so low or where 
it is present in such complex mixtures with other light absorbing substances that direct 
absorption measurements would not be feasible. Exactly this situation existed in the 
case of the respiratory catalyst at, the time when Warburo carried out his classical 
photochemical experiments. The sensitivity of the indirect method could be rendered 
far greater than of the direct method because the effect of radiation on the catalytic 
activity of the enzyme was measured rather than on the chemical composition of the 
system. The determination of the relative efficiency of various wave-lengths of light on 
the CO-inhibition of cell respiration yields the relative photochemical absorption 
spectrum. Such a spectrum represents the true pattern of the absorption curve but it 
yields no information as to the absolute value of the extinction coefficients of the sub- 
stance at any wave-length. It is obvious that the greater the extinction at any given 
point of the spectrum of the substance the more rapidly will the photochemical action 
of the radiation at that wave-length manifest itself. The rate of increase in respiration 
upon illuminating CO-inhibited cells may thus be utilized to obtain the absolute absorp - 
tion spectrum. Other catalytically inactive pigments which may bo present cannot inter- 
fere with the measurements since they do not participate in the photochemical process. 
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Theory of Photochemical Absorption Spectrum: 

The fact that the respiratory ferment transfers “hound oxygon” implies that it 
may exist in two forms, an oxidized (or oxygenated) form and a reduced form. The bivalent 
iron of the enzyme (Fe) reacts with molecular oxygen in accordance with equation (1), 

Fe + 0 2 = FeO a (!)» 

where it does not matter for the theory if Fe0 2 as a labile intermediate is rapidly trans- 
formed into the final ferric form as long as the stability of the two forms (FeO a and 
Fe---) differs appreciably. Furthermore, it is important for the theory should be 
that in normally respiring cells the rate of respiration independent of the oxygon 
tension down to very low values. This has been demonstrated experimentally for the 
case of micrococcus candicans and red blood cells by Warburg and his coworkers 
(1261)). Lately, however, the general validity of this rule has been challenged by workers 
who experimented with other types of cells. Thus K kmpnkr 555a) finds that the respira- 
tion of various isolated cells, e.g. leucocytes, erythroblasts (but not non-nucleated 
erythrocytes), micrococcus candicans, pnoumococcus, when undamaged and 
examined in their physiological environment, decreases with lowered oxygen tension. 
This variation of respiration with 0 2 -tension is found in cells sensitive and insensitive to 
carbon monoxide and cyanide. For earlier work concerning this important problem the 
paper by Kkmpner should be consulted. Laser 706a) has recently measured the respi- 
ration of various tissues, e.g. retina, liver, Crocker mouse sarcoma, chorion, under low 
(5—20 %) and high (100 %) 0 2 -tension. Except for liver he observed no significant 
change in the magnitude of respiration under these conditions. The respiratory quotient, 
though, is lowered under low oxygen tension. In discussing this important point it should 
be pointed out that the material with which Warburg experimented (Micrococcus 
candicans) was particularly favorable; the cells are very small and spherical in shape, 
thereby facilitating the condition of saturation with 0 2 even at low partial 0 2 -pressures. 
The question of diffusion of oxygen into cells assumes a particular significance when the 
material does not consist of single cells but of tissue slices. For this special case War- 


burg has calculated, by means of the formula 


d' = ]/ 8 c 0 y *), the limiting layer of 


thickness where, for any given 0 2 -tension, saturation of all cells with oxygen is guaran- 
teed. If this limit is exceeded (in the case of liver slices, for instance, 0.2 ram.) quite erro- 
neous results may be obtained. As Friedheim 372) has pointed out any diffusible sub- 
stance which acts as an oxygen carrier will increase the oxygen uptake of the tissue slice 
by enabling the deeper layers to participate actively in the process. 

However, it can hardly be questioned that the condition of independence of respi- 
ration of oxygen tonsion was fulfilled in those cells (yeast, acetobacter) which served for 
the photochemical experiments of Warburg and his associates. Here, then, practically 
all of the respiratory ferment may be taken to be present in the Fe0 2 (or in the equi- 
valent Fe-**) form; the limiting factor in the respiratory rate is here the reduction of 
Fe0 2 by the substrate. The inhibition of respiration by CO is explained by the compe- 


*) Explanation of symbols: c Q , concentration of oxygen immediately outside the tissue 
slice (in atmospheres); A, rate of respiration of the tissue (in cc. per minute per cc. of tissue); D, dif- 
fusion constant of oxygen in the tissue substance (in cc. of O a under standard conditions per sq.cm, 
per minute when the pressure gradient is 1 atmosphere per cm.); and d', the thickness of the tissue 
slice (in cm.) at which the oxygen concentration at the centre layer of the slice is just zero. Accor- 

ding to Krooh, D equals 1.4 X 10" 5 at 38°. 
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tition of the CO with 0 2 for the iron of the ferment and the formation of a complex FeCO. 
The equilibrium between Fe0 2 and FeCO in the dark may be expressed by equations 
(2) to (4) in accordance with the law of mass action: 


Fe0 2 
Fe-0 2 : 
FeCO 
FtT-CO : 


B , 

Z ° 2 ’ 


( 2 ) 


-- = k, 


co>- 


( 8 ) 


where Fe0 2 , FeCO, etc. are the concentrations of the reactions, B and Z and b and z d 
are the formation- and decomposition constants of Fo0 2 and FeCO respectively, k o2 and 
k co the affinity constants. Equations (2) and (3) may be combined to yield equation (4): 

B z d k °2 = KV (4) 


Fe0 2 C0 

FeCO-O, 


Z 


k, 


co 


Under conditions where the system respires at an appreciable rate the decomposition 
of Fe0 2 is accelerated beyond the value of the “spontaneous” or "dark” decomposition 
constant, Z; this requires the addition of the term Z', corresponding to the "respiratory” 
disappearance of Fe0 2 : 


Fe0 2 

FeCO 


CO 

0 , 


B 


~ = l!- 2 - K d , (K d ^ K' d ). 


(5) 


_y 2 Z + Z' o K co 

The relation to magnitudes which may be experimentally determined is established 
by the following considerations. If the respiration is partly inhibited by carbon monoxide 
only a fraction of the enzyme will exist in the form Fe0 2 and the remainder in the form 
FeCO; the concentration of the reduced form, Fe, may be neglected, particularly in the 
presence of CO. Let us assume that the respiration in CO is decreased from A 0 to A d ; 
the residual respiration mav be defined as 

T* = »d (6) 


and the inhibition of respiration as 

A„ 


-A d , 

— - = 1— n d 


(7) 


The relation of the residual respiration, n d , to the inhibition of respiration, 1 — n d , 
corresponds to the ratio of the concentrations of the active form Fe0 2 to the inactive 
form FeCO: 


FeO, 




FeCO 1— n d 

Consequently, the equation of distribution (5) assumes the form 

n d CO 


1— n d 0 2 


- K d 


(8) 


(9) 


All terms on the left hand side of equation (9) may be experimentally determined: n is 
found by the manometric measurements of respiration and the concentrations of the 
gases are determined by gas analysis. In the event that the cells are not saturated with 
substrate which may be recognized by a comparison with the value of the maximal 
respiratory rate which may be attained under optimum conditions, equation (9) is to be 
replaced by the more general relation 
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6 * : 
1 — e 


n 


CO _ K 
0 , ~ K ' 


d j 


(9a) 


where e is the degree of saturation of the system with substrate. If it is ascertained that 
the oxygen tension is not decreased below the limit required for the maintenance of the 
full rate of normal respiration and that the cells are saturated with substrate, it is found, 
in agreement with equation (9), that the degree of inhibition depends solely on the ratio 
of oxygen to carbon monoxide and is independent of the absolute concentrations of 
0 2 and CO; upon diluting a given C0/0 2 gas mixture with an inert gas, e.g. nitrogen or 
argon, the degree of inhibition remains unaltered. 

The above relationships hold for the CO inhibition in the dark only. Upon illumination 
the 00-compound of the ferment, but not the 0 2 -compound, suffers a reversible photo- 
chemical dissociation which augments to the extent z' (photodissociation constant) the 
dissociation due to spontaneous dissociation, z d (dark dissociation constant). This leads 
experimentally to an increased oxygen consumption in light and theoretically to the 
“light-distribution equation” (10): 

B z d + z' 

Z + V ~ b = Kh ^ 


In analogy to equation (9) we obtain for the “light-state": 

l-n h ‘ 0 2 ~ Kh (1 } 

If by "light-sensitivity”, L, is understood the increment by which the dark-dissociation 
constant, K d , is changed per unit light intensity, i, absorbed by the system, we 
obtain 

I _ AJA _ Kh K< i n9 \ 

From equations (10) and (5) there follows 

L = — (13) 

z d * i 


The dependence of the photochemical dissociation constant on the amount of light 
energy absorbed is furnished by the following considerations. It is obvious that the 
amount of light energy absorbed, under monochromatic conditions of illumination, is a 
function of the absorption coefficient, /3, of the absorbing substance for the wave-length 
of light employed. The complete absorption spectrum of a substance is defined by the 
sum of the /?- values for all wavelengths. 

The amount of light energy in cal. absorbed by a certain amount of the carbon 
monoxide ferment complex per time unit (min.), when irradiated with monochromatic 
light of the intensity i under conditions of small total absorption, i.e. if i is constant 
throughout the solution, is 


i • q • p • c • d (cal/min) (14) 

where q represents the cross section, d the layer of thickness, and c the concentration of 
the compound. In order to express the light energy absorbed in terms of quanta, the 
product (14) is divided by h • v (h, Planck’s quantum constant, v 9 the frequency of the 
radiation); assuming that one quantum of light absorbed will dissociate one molecule 
FeCO, and introducing Avogadro's number, the number of photochemically decomposed 
molecules is 
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i • q • p • c • d 


(15) 


N 0 • h ■ v 

The fraction of the total FeCO (= q • d • c) dissociating in unit time, z', is obtained by 
dividing expression (15) through q • d • c: 

i p 


z = 


N 0 h e 

If this is substituted in equation (13), taking equation (12) into account, we obtain 


L = 

There follows for constant v. 

A K x 


A K 


K d • i N 0 • h ■ v • z d 
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Conversely, we obtain for constant i: 

J^I Pi • V 2 
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A K, 
A K, 


Pi ' \ 
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(16) 


(17) 


(18) 


(19) 


* Ao 

Equation (18) is suitable for testing the theory and equation (19) is suitable for the deter- 
mination of the relative absorption spectrum. 

If the dark dissociation constant, z d , of FeCO is known, the absorption coefficients, 
ft, may be calculated with the aid of equation (17). Since z d is related to the rate of 
change in respiration upon illumination and darkening, the determination of that rate 
provides a measure for z d , z', and, furthermore, for /?. Inasmuch as the experimental 
measurement of the acceleration of respiration upon changing over from dark to light 
is difficult to perform, the system is exposed instead to intermittent illumination; the 
ensuing stationary state is not identical with the mean of the rospiration in the dark and 
in light because the decrease in respiration in the dark occurs more slowly than the acce- 
leration of respiration in light. In this procedure the dark and light periods are of the 
order of one minute. If the oxygen uptake is followed under these conditions, a curve 
of roughly the shape shown in Fig. 2 (1268)) is obtained. 

The amount of 0 2 absorbed during a certain time interval is represented as the 
integral by that area which is en- 
closed by the time ordinates, the 
abscissa, and by the curve drawn 
in the figure. If the light and 
dark periods, t, are permitted to 
become very large so that the 
horizontal parts of the curve be- 
come very long, A h the average 
respiration during light plus dark 
period, can be obtained with the 
aid of equation (6) by expression 
( 20 ): 

A t n d + n h 

i d T h ( 2 0) 


A-o 2 

If, on the other hand, light and 



Fig. 2. Course of CO-inhibited respiration with intermittent 
illumination (Warburg and Nkgelein 1268)). 
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dark periods follow each other at a suitably faster rate, a state is established which is 
defined by ihe equation 


A, n„ + ui, . (»h - »d) 2 1 — e l—n d , ?1 n 

A 3 2 + " p at ' " 

'I'he value for p appearing in the bracketed additional term is found by trial and error 
with the help of equation (21) where all the other magnitudes may be experimentally 
determined. For 7 lt a relation containing p may be deduced: 


, II d \ 

If the value is substituted in equation (17), we obtain 


1— n d 


• p • N c • h • v. 


whereby /> becomes amenable to experimental determination. 


K x p e r i m o n t a 1 Method: 

Onlj a bare outline of the technique involved in the determination of the photo- 
chemical absorption spectrum can bo given here; for details the original publications 
( 616 , 1271 , 1268 , 1270 )) should be consulted. In principle it is always the disappearance 
(oxygon uptake) or the production (C0 2 , CO) of gas which is measured by the sensitive 
differential manometric method. In accordance with the mathematical development 
given above, the following determinations are required for obtaining the relative 
absorption spectrum. The respiration of the colls under investigation, e.g. yeast or acetic 
acid bacteria, is measured in air as well as in a suitable C0/0 2 mixture in the dark; the 
composition is so chosen as to obtain an inhibition of respiration of about 80 %. The 
values thus obtained permit the calculation of the dark- dissociation constant, n d . The 
system is then exposed to strong monochromatic radiation (intensity of the order of 
10“ 2 cal. per min.) of varying wave-length. The rate of respiration, measured under these 
conditions, is an index of the light-dissociation constant, n h . When the relative spectrum 
has been measured, the absolute absorption spectrum may be obtained by determining 
the absorption coefficient for only one wave-length; A = 486 millimicron was chosen 
because the effect of the radiation is very great at that wave-length. The deter- 
mination of the light -sensitivity for this point is carried out as indicated above. 
In order to obtain the value for p according to equation ( 21 ) the system is first con- 
tinuously irradiated with white light and subsequently with intermittent light of the 
same intensity. The dark and light periods last about 1 min. each. The nVvalue as ob- 
tained from the respiratory intensities observed under these conditions is different and 
independent of n h ; it serves for the calculation of p. In concluding the experimental 
series the respiration is again measured in C0 2 /0 2 in the dark and in air in order to as- 
certain that the cells have not been damaged in the course of the procedures. Throughout 
the experiments the temperature is kept as low as possible (0 — 10°) so as to increase the 
light-sensitivity of the system. This dependence of light-sensitivity on temperature is 
to be expected on the basis of the theory given above: The photochemical decomposition 
of the carbonyl complex, just like other photochemical reactions, is independent of 
temperature, whereas the “dark” or spontaneous decomposition of FeCO, like ordinary 



THEORY OF PHOTOCHEMICAL ABSORPTION SPECTRUM 


141 


chemical reactions, exhibits the usual dependence on temperature. Consequently, with 
decreasing z d -values upon lowering the temperature, the value of the ratio representing 
the light-sensitivity (equation 13) increases as the temperature is decreased. The mag- 
nitude of this effect is illustrated by the fact that the light-sensitivity of the CO-respira- 
tory ferment complex at 0° is 4.5 times greater than at 10°; the specific photochemical 
dissociation of CO-protoferroliemochromogen at 40° is 52 times smaller than at 0°. It is 
obvious therefore that a decrease of the experimental temperature is equivalent to an 
incroase of the intensity of the light-sources employed. The limiting factor here is, of 
course, the effect of low temperatures on living cells: with wild yeast or acetic acid 
bacteria (616)) as the object, a temperature of 10° could be maintained, while with retina 
the temperature had to be raised to 20° (1272)). 

Tests of t h e T h e o r y : 

Inasmuch as the main value of the procedure just outlined rests on the ability to 
obtain the absorption curve of a substance which cannot be measured by direct methods, 
evidence was required to show that the photochemical absorption spectrum is identical 
with the directly determined absorption spectrum. This proof was furnished by the study 
of other iron-carbonyl compounds. The oxidation of cysteine by molocular oxygen is 
catalyzed by pyridine and nicotine liemochroniogen (Krebs 596)). This catalysis is rever- 
sibly inhibited by CO which combines with the ferrohemochromogen to form an inactive 
complex (596)). In this case it is possible to determine both the photochemical absorption 
spectrum by the method outlined above and the direct absorption spectrum by the 
conventional methods (photoelectric spectrophotometry, spectrography, etc.). These 
two spectra wore found to be identical. 

Another important test of the theory has been performed with the aid of the CO 
compound of ferrous cysteine. Since it is possible to prepare sufficient amounts of this 
complex, the actual pressure developed by CO upon photodissociation of the molecule 
could be measured instead of the more indirect effect of radiation on its catalytic 
activity. It was found that one quantum of light will dissociate one molecule of the CO 
complex (191)). In the case of CO-ferrous cysteine this leads to the liberation of two 
CO molecules. CO-pyridine ferrohemochromogen will yield only one molecule of CO: 

Fe-cysteine(CO) 2 -f* h *v = Fe- cysteine -f- 2 CO 

Fe-pyridine hemochromogen(CO) + h-i/ Fe-pyridine hemochromogen + CO. 

Thus the validity of Einstein’s equivalence law is established for this reaction type. 
The spectrum of CO-ferrous cysteine as determined by direct measurements coincides with 
the photochemical absorption spectrum of the compound as determined by plotting 
the amount of CO split off against the wave-length of light employed (191)). 


C o m p a r i s o n of L i g h t-S ensitivity of C ()- C o in p o u u d s: 

The light-sensitivity of iron carbonyl compounds is somewhat related to the affinity 
of the various iron derivatives to CO. Several methods exist by which the affinity may 
be determined. One of them consists in determining the concentration of CO at which 
other components like 0 2 are displaced from the iron molecule surface, another in in- 
creasing the CO-coneentration until a reaction catalyzed by the iron compound is 
markedly or completely inhibited. Thus it was found that the cysteine oxidation as 
catalyzed by protoferriheme (hematin) is inhibited by CO to about the same extent as 
the coll respiration which is catalyzed by the respiratory ferment. The oxidation of 
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cysteine when catalyzed by pyridine or nicotine ferrohemochromogen, on the other hand, 
is appreciably more sensitive to CO. The affinity of 1‘errocysteine to CO is so small that 
its catalytic effect on the oxidation of cysteine is not affected even when the CO concen- 
tration reaches 95 per cent. The affinities of the respiratory ferment and of hemoglobin 
to CO and () 2 respectively are shown in the following table: 

TABLE 6. 


CO/0 2 - Affinity Katios according to Warburg: 


Respiratory Ferment 

Hemoglobin 

(Yeast) 

FeO, CO 

Feco ’ a 9 

HbO, CO 

HbCO ' 0 2 °° ° -01 

Fo0 2 

HbO, 

— - > 2500 

Fe Po 2 

H .,pi~ 50 


The light-sensitivity of the CO-complexes, too, varies greatly. The CO-ferrohemo- 
chromogens show about the same light-sensitivity as the CO-compound of the respira- 
tory ferment; CO-hemoglobin and CO-heme have a low light-sensitivity while tho car- 
bylamine compound of CO-hemoglobin is highly sensitive (1278)). According to equation 
(17) a great light-sensitivity expresses itself by a small dark-dissociation constant z d . This 
constant has the value of 0.029 for the case of carbylamine CO-hemoglobin (1278)) and 
0.5 for the respiratory ferment at 10° (616)). In the former instance the large light- 
sensitivity could be ascertained by two independent methods, namely, (1) directly by 
the experimental determination of the magnitudes on the left hand side of equation (17) 
and (2) with the aid of p and of the dark-dissociation constant z d , on the basis of the 
quantum relationship mentioned above. The validity of the mathematical theory is 
supported by the fact that both methods yield values for the light-sensitivity agreeing 
with each other. 

Direct Spectroscopy of H e m a t i n- C o n t a i n i n g K n z y m e s : 

The first hematin catalysts which were found amenable to direct spectroscopy 
were the histohemat.ines of McMunn, later rediscovered and renamed by D. Keilin as 
cytochromes a, b, and c. Whether or not all or some of these cytochromes are to be clas- 
sified as true enzymes or rather as non-enzymatic catalysts or carriers is still open to 
debate. The first undisputed hematin enzyme to be studied by the spectroscope was 
catalase (Zeile et al. in 1930)). In 1933 and 1934, Warburg and his associates reported 
that the long-wave absorption bands of the respiratory ferment may be observed directly 
with the spectroscope in certain micro-organisms under suitable conditions. As will be 
shown below this claim has been and still is questioned by Keilin. The latest enzyme 
to be obtained in sufficient concentrations to become measurable by spectroscopy is 
peroxidase (Keilin and Mann (in 1937)). 
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Position of Absorption Bands in the Visible Region: 

Once it has been established that the position of an absorption band of a hematin 
derivative is independent of the method by which it has been determined, we may 
freely compare bands of the various substances without further consideration of the 
technique employed. 

The chief interest attaches itself to the position of the bands rather than to 
their absolute height, i.o. to the extinction at the maximum. The reason for this is 
that the position of the absorption bands is a characteristic constant for a heme deri- 
vative and that it allows one to draw certain inferences as to the structure of the heme 
and of the nitrogen base (or protein) with which it is combined. The main absorp- 
tion band of hematin biocatalysts is situated in the far violet region just as the main 
band of hemoglobin (Sorkt band) and other hemochromogens. The position of the 
main bands of the enzymes and of certain non-enzymatic heme compounds are 
listed in Table 7. 


TABLE 7. 


Position of Main Absorption Band (y-Band) of Enzymatic and 
Certain Non-enzymatic Heme Proteins: 


8 u b s t a n c e 


State of 
oxidation 


Addition Method 


Literature 


MacMunn’s histohematinn . reduced 
(Cytochromes a, b, and c) 

Cytochrome-c oxidized 

reduced 

Respiratory Ferment reduced 

(Yeast, Acetobacter) 

(Bac. pasteurianum) reduced 

(Torula utilis + 10°) .... reduced 

( „ „ -f- 0.2°) .. . reduced 

Spirographishemoglobin .... reduced 

(artificial complex) 

Spirographishemoglobin .... reduced 

Chlorocruorin reduced 

Chloroeruorin reduced 

Pheohemoglobin-6 reduced 

(artificial complex) 

Pheohemoglobin-b reduced 

Hemoglobin reduced 

Pheophorbid-b-hemoglobin . reduced 

Peroxidase reduced 

Catalase oxidized 

Free Protoferroheme reduced 


None Direct. 414 — 420 

430—435 
440—452 

None Direct, 407.5 

None Direct 415 

CO Photochein. 432 

430 

CO Direct 430 

CO Pliotochem. 427 — 43G 

CO Photochein. 430 

CO Direct 434 

None Direct 445 

CO Direct 430 

None Direct 449 

CO Direct 435 


None Di rect, 445 

CO Direct 420 

CO Direct 442 

None Direct 415 — '120 

None Direct 409 

CO Direct oo410 


Warburg and Nk- 
g KLEIN 1278 , 1274 ) 

Keilin et al. 214 ) 
Theokell 1156 , 

1157 ) 

Warburg 1288 ) 
Warburg and Nege- 
lein 1268 , 1270 , 1271 ) 

Kubowitz and Haas 

616 ) 


Warburg and Nege- 
lein 1275 ) 


Kubowitz and Haas 

616 ) 

Warburg and Nege- 
LF.IN 1275 ) 
Kuhn, Hand and 

Florktn 649 ) 
Itoti 501 , Stern 

1088 ) 

Warburg and Nege- 
lein 1271 ) 
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An inspection of the table shows that tho main absorption band of the CO compound 
of the respiratory ferment of yeast (Torula utilis) and of acetic acid bacteria (B. pasteuria- 
num) is located at 430 mp. Both Table 7. and Figures, demonstrate that the position of 
this band is shifted towards tho red region as compared with the Soret Band of the CO 
complexes of the red homins and of their hemochromogens (e.g. protoferroheme and 
ferrohemoglobin). The main bands of tho CO compounds of green hemins and their 
derivatives, on tho other hand, are situated even further towards the red range than the 
band of the enzyme. Although the general pattern of the spectrum of tho ferment at 
once established its heme nature, it was also evident that the home contained in it is very 
likely neither a red nor a green hemin. Casting about for heme derivatives of a more 
similar absorption spectrum Warburg noticed the striking similarity with chloro- 
cruorin, the respiratory pigment of the spirographis worm. This pigment contains a 
prosthetic group, spirographis hemin, in combination with a protein. While, in prin- 
ciple, it is modeled after the hemoglobin pattern, both the heme and the protein are 
different from the corresponding components of tho vertebrate blood pigment. Not long 
before the charting of the spectrum of the respiratory ferment by Warburg, the properties, 
among them the absorption spectrum, of chlorocruorin had been studied by Munroe 
Fox 351). Tho most interesting property of this pigment is the change in color upon 
varying the layer of thickness or tho concentration of its solutions: in transmitted light 
the pigment appears green in thick layers (or concentrated solution) and red in thin 
layers (or dilute solutions). This dichroism led to the designation of spirographis hemin by 
Warburg as mixed-colored (green-red) hemin. The spectroscopic similarity between 
the enzyme and chlorocruorin prompted Warburg to undertake a more detailed study 
of the spirographis pigment. In collaboration with Negelein 1275) it was found that the 
prosthetic group, spirographis hemin, with globin yields a synthetic product with an 
absorption spoctrum still more closely related to the enzyme spectrum (Table 7). 

The difference in the spectrum of the artificial spirographis hemoglobin and of the 
natural pigment, chlorocruorin, bears out the statement of Roche 467a) that the bearer 
protein of the latter is different from globin. The results of the chemical study of the 
structure of spirographis hemin by Warburg and by FiscnER will be discussed further 
below (p. 107). Tho subsequent discovery of other mixed-colored hemins and the exami- 
nation of the spectra of their combinations with globin by Warburg and Negelein 
1275) has brought about the recognition of these hemins as a group distinct from both 
the red and the green. They are now called pheohemins; undoubtedly the prosthetic 
group of the respiratory ferment is a member of this group. 

The main absorption band of cytochrome (also called histohomatin of MacMunn) 
was first observed by the visual spectroscopy of bee’s wing muscles by Warburg and 
Negelein 1273). After screening off the red and green part of the spectrum by suitable 
filtors they observed three absorption bands in the blue- violet region with maxima at 
approximately 450, 430 and 415 in p corresponding probably to the a, b, and c-com- 
ponents of cytochrome respectively. A little later tho same workers wore able to photo- 
graph these bands with the aid of a glass spectrograph of small dispersion (1274)). The 
band at 415 nip was later observed by Dixon, Hill and Keilin214) in solutions of 
purified cytochrome-c in the reduced form. The corresponding band of the oxidized 
(ferric) form is situated still further to the shortwave region. As may be seen from 
Table 7. the position of the band of reduced cytochrome-c approaches closely that of 
protoferroheme. Subsequent chemical work by Zeile and Reuter 1379) has proven the 
intimate relationship of tho cytochrome-c porphyrin to protoporphyrin IX. 
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The fact that the main absorption band not only of protoheme and of cytochrome-c 
but also that of peroxidase after reduction with Na^C^ (Kuhn et al. 649 ) and of catalase 
(Itoh 601 ), Stern 1088 )) are located near 410 m/z, already suggests that all of these 
compounds possess the same or a closely similar prosthetic group, viz. protoheme. 
It will be shown below that this is indeed the case. 

While the position of the main or short-wave absorption bands of the four hemin 
enzyme systems appears well established and generally accepted, the interpretation of 



A — . — A CO-Chlorocruorin 
o - - - - o Cytochrome o (Keilin tt al.) 

the numerous long-wave absorption bands (in the rod, yellow, and green region) which 
have been observed in solutions of these compounds and in various tissues and micro- 
organisms is still somewhat controversial. A number of such observations has been col- 
lected in Table 8. In some instances the effect of certain reagents and of temperature on 
these bands has been included. Slight differences in the position of these bands may 
be due to the subjective factor involved in visual observations and to variations in the 
biological material used (strains, age, conditions of culturing, etc.). Hence no significance 
may be attached to them. Tho symbol “ — ” signifies “not determined”, the symbol “0”, 
“Band disappears”. 

Oppenheimer-Stern, Biological Oxidation 10 
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') The discrepancies in these data may be due to the fact that different optical methods were employed in these measurements (1086). 
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Let us first consider the spectrum of the cytochrome system as it has boen described 
in different cells (e.g. bee’s wing muscle, bakers yeast, frog muscle, etc.) by D. Keilin 
635) who was following up the early work by the naturalist MacMunn. In anaerobic 
bee muscle he observed a spoctrum of reduced cytochrome with four long-wave bands, 
at about 604, 566, 550, and 521 m g. He designated these bands with a, b, c and d in the 
order given. This terminology has created a certain confusion since Keilin himself 
could show that the a, b, and c band represent the a-band or long-wave band of the three 
cytochrome components a, b, and c respectively while the d-band probably consists of 
three fine bands in close proximity or even superposition which represent the /bbands of 
the three cytochromes. Those relationships are illustrated in Fig. 4. The y-or main 
bands of these catalysts are the three bands found by Warburg and Negelein in the 
violet region which have already been mentioned. 

Euler and his associates (287)) confirmed the position of the cytochrome bands in 
yeast cells. They improved the technique of direct examination of these spectra and 
developed it to a quantitative method for the intracellular determination of cytochrome. 
The position of the cytochrome bands changes little from one object to the other. The 
relative intensity however will vary considerably, and in some instances one or the other 
of these bands seems to be completely absent (Keilin 535), Tamiya and Yamagutchi 
1X35)). 

From a spectroscopic point of view 



Fig. 4. Position and Correlation of Cytochrome 
Absorption Bands in Bakers’ Yeast according to 
Keilin 540). 


the component a is at the same time 
the most complex and the most interesting 
of the three. In many cells the typical 
a-band at 605 rn.fi is missing; instead, 
bands around 590 or 630 m g are found. 
These atypical cytochrome-a bands have 
been designated as a 1 and ag-band respec- 
tively and have been charted for a num- 
ber of pathogenic bacteria by Fujita and 
Kodama 381a). The intriguing feature 


of the a 1 -band near 590 mg, is that it is 


located precisely where Warburg and 
his collaborators found the a-band of the respiratory ferment by the photochemical 
mothod. The a 1 -band both in baker’s yeast (Warburg and Haas 1260) and in acetic 
acid bacteria (Warburg et al. 1280, 1277) behaves both with regard to its position at 
590 to 593 mg and to its reaction with CO and HON as would be expected from the 
long-wave band of the ferrous form of the respiratory ferment (see Table 8). Thea^-bandin 
azotobacter, though differing in position from that of Warburg’s respiratory ferment, 
being situated in the red instead in the yellow, roacts exactly like the latter enzyme 
with cyanide and carbon monoxide (880, 1280)) (see Table 8). As a rule the a-bands of 
the forrous forms of red heme derivatives are found at 570 m g or below, those of mixed- 
colored hemins around 580 to 595 m g, and those of green hemins beyond 600 m g. 
On the basis of this classification the band in azotobacter, ascribed by Warburg to the 
respiratory ferment, would be caused by a green hemin derivative. Unfortunately, the 
photochemical absorption spectrum of the respiratory ferment of azotobacter has as 
yet not been determined. This experiment should provide decisive evidence for or against 
Warburg’s claim that it is possible to see the spectrum of the ferment in living cells 
with the spectroscope. vSucli evidence is particularly required in view of the criticisms and 
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objections raised by Keilin 542, 541) against Warburg’s interpretation of his experi- 
mentally undisputed observations. Keilin insists that the various bands observed 
directly by Warburg are not those of the respiratory enzyme but those of more or less 
modified cytochrome-a derivatives. Very recently Keilin and Hartree 550) have 
reported further observations . The new evidence suggests that the band of cytochrome-a 
at 605 m p, belongs to two slightly different hemochromogen compounds having the same 
heme nucleus. One of these compounds, called a, is not autoxidizable and does not com- 
bine with KCN or GO, while the other, called tig, is autoxidizable and will combine with 
both reagents. In this respect it resembles the components a x and which occur only 
when component a is absent. The CO-compound of a 3 has its absorption band at 598 m ft 
and, according to Keilin, may be responsible for the absorption band found by Warburg 
in the photochemical absorption spectrum of the respiratory ferment. However, tho 
cytochrome component % cannot be identified with the respiratory ferment (cytochrome 
oxidase). Three possibilities with regard 1o the chemical nature of the latter are discussed 
by Keilin and Hartree: (1) The enzyme may be a hematin-protein compound similar 
to cytochrome-a but spectroscopically invisible due to its low concentration in tho living 
coll; (2) the enzyme may be an iron-protein complex devoid of porphyrin; (8) the enzyme 
may be a copper-protein. Tho last assumption, while not supported by direct experimen- 
tal evidence, appears to be favored by several considerations: Copper salts have been 
found by Keilin to be the only simple metal salts capable of rapid oxidation of all three 
cytochrome components, the addition of copper salts to nutrient media and diets will 
increase the cytochrome-a and the indophenol oxidase concentration of plant and animal 
cells (Elvehjem 176a)), the intensity of the indophenol reaction given by tissues is 
roughly paralleled by their copper content, and finally the respiratory enzyme resembles 
somewhat in its behaviour the polyphenol oxidase of plant cells which has recently been 
demonstrated to be a copper-protein (see p. 181). 

It, is interesting to note that Roche and B£nevent 992) have expressed views 
concerning the cytochrome-a complex quite similar to those put forward by Keilin 
and Hartree. They assume that cytochrome-a consists of three components, viz. a, a x 
and aj, and that a x and a possess a hernin grouping analogous to that of the respiratory 
enzyme. This would explain why a x and the ferment show the same typical bands, a = 
585 to 590 m fi and = <x> 525 m p. 

According to Warburg 1234) it is also possible that the band in the yellow as ob- 
served in acetic acid bacteria and in baker’s yeast which is slightly shifted by CO to 
593 m/i is due to an intermediary oxygenation product of the ferrous form of the respi- 
ratory ferment. Such a complex would be analogue to oxyhemoglobin. This view is 
supported by the observation made by Warburg and Negelein 1275) that the addition 
compounds of oxygen with certain artificial “hemoglobins”, o.g. spirographis hemoglobin, 
do not exhibit two absorption bands in tho green like oxyhemoglobin but only one 
absorption band in the long-wave region. Warburg assumes that this loose addition 
compound changes spontaneously into the ferric form of the enzyme (analogous 
to methemoglobin), rapidly in the case of acetic acid bacteria and slowly in that 
of baker’s yeast. The band in the yellow can hardly be caused by tho ferric form of 
the enzyme itself since all known ferric compounds absorb specifically in the red 
region. Only in the case of azotobacter do we find the ferrous form showing 
absorption in the red. 

Upon oxidation all of the sharp cytochromo bands fade. There remain faint sha- 
dows at 520 to 540 m /x and at 550 to 570 m/x (535)) with a maximum at a — 566.5 m p. and 
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p = 528.7 m /x (723)). This is equivalent to saying that upon oxidation only the a-band 
of cytochrome-b and probably its /J-band are retained. It be may added that the b-compo- 
nent, in general, appears to be the most stable and the a-component the most labile 
against oxidizing agents. Urban 1130) reports that in aerated, washed, respiring cells 
of baker’s yeast at 6°, 26° and 34° only a-band of cytochrome-b at 565 m p and a 
weak band at 535 to 545 m /x are visible. Upon adding glucose no change is detected 
at 6°. If the temperature is raised and the reduction thereby accelerated, at 26° the a-band 
of cytochroiue-c and at 34° also that of tho a-component will appear. In addition, also 
the weak /J-bands at 537 and 523 m /x become detectable while the band of the oxidized 
cytochrome at 535 to 545 m fi, ascribod to ferricytochrome-c by Urban, fades away. It 
would appear, however, that the faint absorption observed in the oxidized state at 535 
to 545 m fx belongs to the b-component rather than to c, inasmuch as Keilin et al. 214) 
have measured the spectrum of isolated ferricytochrome-c and have found bands at 
530 and 563 m /x. In the reduced state thoy found, in addition to the simple a-band at 
550 m /x, a complex />- band with a maximum at 520 m /x (see Table 8). In strongly alkaline 
solution the spectrum of the ferroform remains unaltered while the ferriform has two 
bands, at *525 to 545 m/x and at 570 to 580 m/x (Theorell 1156, 1157)). Tho bands 
observod in moulds by Tamiya 1132) and ascribed by this author to the free intracel- 
lular hematin of Keilin, may in fact be caused by ferricytochrome-b. Tho same holds 
probably for the bands seen in adrenal tissue by Rosenbohm 1004). 

It is this difference in stability against oxidation and other agents 293) and the 
variation in the relative concentration of these three components which has undoubtedly 
materially contributed to tho reigning confusion with regard to the assignment of certain 
absorption bands to the various cytochromes or to the rospiratory ferment. In general it 
may be said that the a-bands of the reduced forms can today be attributed to individual 
pigments with a little more assurance than the /?-bands. The bands at 540 m /x and at 
524 m /x in B. pastourianum, for instance, have been attributed to tho CO-compound of 
the respiratory ferment by Kubowitz and Haas 616) though the final proof for this is 
still lacking. 

The spectroscopic study of living cells and of cell-free extracts has lately become 
even more complicated by the work of R. Lemberg on bile pigment hemochromogens. 
He has shown that, in the course of tho transformation of blood pigments to bile pigments, 
the first step consists in the oxidative scission of one methin ( — CH — ) bridge with the 
formation of a CO and a COH-group in the two adjacent pyrrol rings (711a)): 
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An open tetrapyrrolic chain, typical for the bile pigments, is thus formed. However, 
the central iron atom, by virtue of valency forces acting upon the pyrrolio nitrogen atoms, 
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maintains the ring structure of the molecule. These bilo pigment hemochromogens 
behave much like ordinary hemochromogens and have, in fact, been mistaken for 
hemochromogons. Warburg and Negelein 1272a), for instance, who obtained a green 
product from blood hemin by a treatment involving oxido-reduction, considered it to be 
a green hemin, i.e. a hemin comparable to those obtained from chlorophyll by substi- 
tuting iron for magnesium. Lemberg 711a) could show that their compound is actually 
a verdohemochromogen consisting of the iron complex salt of biliverdin with pyridine 
as the nitrogeneous base. Corresponding compounds with globin as the nitrogeneous 
constituent have recently been described by Lemberg and Wyndham 711b) and by 
Edlbaciier and Segesser228) *). 

The opening of the ring structure renders the iron labile in these bile pigment hemo- 
chromogens. Once the metal is removed, the pyrrolic structure will “uncoil” into a 
straight chain, and the properties characteristic for bilo pigment derivatives will become 
manifest. 

The occurrence of bile pigment hemochromogens (verdohemochromogens) in various 
biological materials, e.g. in purified catalase preparations from horse liver, in purified 
preparations of cytochromo-c from baker’s yeast **), and in blood extracts has been 
demonstrated by Lemberg and Wyndham 711c). The important point here is that most 
of these pigments have absorption bands in the rod region of the spectrum (see Table I. 
in Lemberg and Wyndiiam’s publication) and that these workers suggest a relationship 
between this class of compounds and the absorption bands near 680 m n which are 
found in the “cytochrome” spectrum of several bacteria. This is the “cytochrome-a 2 ”- 
band of Azotobacter, Acetobacter, B.coli and of various pathogenic intestinal bacteria 
(Negelein and Gerischer 80), Keilin 541, 542), Fujita and Kodama 381)). Lemberg 
and Wyndham 711c) point out that the spectroclieraical properties of the cytochrome-a 2 
band bear a striking resemblance to those of biliviolinhemochromogens. Biliviolins are 
a group of isomeric compounds, probably differing only in the situation of the double 
bonds in the molecule, which arise through dehydrogenation of biliverdins. The corre- 
lation of the various groups of bile pigments, then, is as follows: 

Oxidation Dehydrogenation 
Bilirubin >■ Biliverdin — — > Biliviolin. 

Like biliverdin, biliviolin will form complex salts with iron and with other metals. 
The zinc complex salt of biliviolin is characterized by a strong red fluorescence. These 
metal complexes, in turn, will combine with nitrogeneous compounds like pyridine to 
form biliviolinhemochromogens. Like the band of cvtochrome-a 2 , the absorption band in 
the red of the biliviolinhemochromogens is shifted towards the infra-red by oxidation 
and is immediately destroyed by ammonium sulphide. 

It may be, of course that the occurrence of bile pigment hemochromogens in biolo- 
gical sources has no other significance beyond the fact that they represent intermediates 
in the biological break-down of heme derivatives. On the other hand, the behaviour of 
the “cytochrome-a^-band in azotobacter toward CO and HCN (Negelein and Geri- 
scher 880)) which suggests a close relationship to the respiratory ferment of Warburg 
and the interesting catalytic properties of bilo pigment hemochromogens in vitro (Lem- 
berg et. al. 711b)) make further studies of the biological function of bile pigment heino- 
chromogens highly desirable. 

*) See also Barkan and Sc hales 70a). 

**) Such absorption bands in the red had previously been noted by Big wood et al. 114) in 
solutions of cytochrome-c obtained from bakers yeast by the method of Hill and Keilin 486). 
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The position of the absorption bands of catalase and of peroxidase will bo found 
listed in Tables 7 and 8. Although some of these bands are located in the same region 
as some of the cytochrome bands, this fact has not yet caused any serious confusion 
(1) because the concentration of these enzymes in living cells is too low to permit a 
direct visibility of their spectrum without previous purification and concentration pro- 
cedures *) and (2) because these enzymes may readily be separated from cytochrome in 
preparations and may also be identified in mixtures by their typical spectroscopic and 
catalytic properties. 

The spectrum of purified catalase preparation from horse liver or cucumber 
seeds, according to the pioneer work of Zeile and IIellstrom 1377, 1371), shows three 
absorption bands in the visible, viz.: 

1. 620—649 m /z; U. 530— 550 m /z: III. 490— 510 m ,z 

629 ^540 ^5(j(P 

The position of these bands was determined by visual spectroscopy and by photography- 
Keilin and Hartree 548) obtained, with the aid of the reversion spectroscope of 
Hartridge, the values 506.5 m /z, 544 in /z, and 629.5 m /z for the peaks of the bands, 
while Stern 1088), on the basis of records obtained by Hardy's photoelectric automatic 
spectrophotometer, assigns to them the positions 505 m /z, 540 m /z, and 622 m /z. The 
most readily observed band of catalase is the one in the red. Tt is asymmetrical, the peak 
being situated toward the short-wave end of the band. The center of the band is stated 
to shift from 627.5 to 630 m /z upon increase in concentration (548)). 

Like all hemin and particularly heroin-protein compounds, catalase has a strong 
absorption band in the violet region, corresponding to the Soret band of hemoglobin. 
This band was found in liver catalase solutions by photographic (Itoh 501)) and photo- 
electric (Stern 1088)) spectrophotometry. Its position is given by Stern at 409 m/z, 
i.e. almost at the same place as that of the hemoglobin band (410 m /z (cf. Adams 4)). 
The relative intensity of the various absorption maxima of catalase and their extinction 
coefficients as referred to the porphyrin-bound iron content of the enzyme solutions 
have been determined (Stern 1088)). The average extinction coefficients, as calculated 
by means of the equation (Drabkin and Austin) 

1> 

c — 1 mM Fe per liter = ~r — , 
r d x c 

where D represents the observed optical density, d the depth of the absorption cell, and 
c the concentration of the enzyme in t erms of mM of the porphyrin-bound iron per liter, 
were found to be m/z= 10.8 and 8409 m/z— 145. The use of the above equation had the 
advantage that no assumptions as to the molecular weight of the enzyme or to the num- 
ber of hemin groupings are required. 

The ultraviolet spectrum of homogeneous catalase has recently been measured 
(Stern and Lavin 1096)). It shows a typical protein band at 275 in /z. While ordinarily 
the extinction at the peak of the Soret band is much higher than at the maximum of 
the short-wave ultraviolet protein band, in the case of catalase this ratio is inverted. 

A number of qualitative observations concerning the spectrochemical behaviour 
of catalase preparations will be found in the papers by Keilin and Hartree 548) and 
by Stern 1089). 

The catalase spectrum is affected neither by the usual oxidizing or by reducing 

*) See, however, the observations made on rat liver tissue, freed from blood by perfusion 
(Stern 1089 )). 
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agents. Sodium hyposnlfite (Na 2 S 2 0 4 ) for instance which will readily reduce inetlie- 
moglobiu to hemoglobin or cathemoglobin to globin hemochromogen has no effect on 
the catalase spectrum. The irreversible slight shift to 624.5 ni /a upon shaking catalase 
solutions containing Na^O* in air is attributed by Keilin and Hartree 548) to the 
ph-change caused by the formation of sulfurous acid from the hyposulfite by oxidation. 
The formation of spectroscopically well-defined compounds between catalase and 
certain inhibitors and substrates will be discussed below (pp. 155, 176). 

The spectrum of purified peroxidase preparations from horse radish has recently 
been studied by Keilin and Mann 551). The position of the maxima are given as 498, 
548, 588, and 645 m ^ (See also Tablo 8). A similar band in t he red in strong peroxidase 
solutions from fig sap had previously been described by Sumner and Howell 1110). 
Kuhn, Hand and Florkin 649) had failed to notice any long-wave absorption bands 
in their horse-radish preparations, probably due to an insufficient concentration of the 
enzyme in their solutions. The most active peroxidase preparations yet recorded in the 
literature (Willstatter and Bollinger 1336a)) have apparently not been examined 
with the spectroscope. 

In strongly alkaline solution or after reduction by NaoS 2 0 4 the a-band in the red 
at 645 m n and the />’-band at 498 m p. are replaced by bands at about 557 in p. and at 
594.5 in p (Keilin and Mann 551); Ktjhn et, al. 649)). A further band at 527 m p ob- 
served by Kuhn et al. 649) in reduced peroxidase preparations could not bo observed 
by Keilin and Mann 551). The spectrum changes observed upon adding inhibitors and 
substrates to peroxidase solutions are discussed on p. 180. 

Reactions of Hemin Systems with Inhibitors: 

Itespiratory Ferment: The ability of carbon monoxide to form a complex with 
the forroform of the oxygen transferring enzyme and its reversible photodissociation 
have made possible the measurement of the absorption spectrum and the classification 
of this biocatalyst. This has been discussed in detail above (p. 136). The affinity ratios 
between CO and 0 2 , the relative light-sensitivity, and the effect of temperature have also 
been dealt with (p. 141). CO has no affinity for the ferriform of the enzyme. 

HCN on the other hand, reacts with the tervalent iron of the oxidized form of the 
enzyme. A HCN-concentration of about 10 ~ 4 M. will completely inhibit the ferment and 
hence the respiration. Catalyses promoted by nicotine and pyridine hemochromogens 
are inhibited to an extent of 50 per cent by 2 -8 10" 5 M. HCN. Inasmuch as Krebs 596) 
finds spectroscopically that the Fe"-CN-comploxes are about half dissociated at this 
HCN concentration and since HCN, at this concentration, will not yet combine with 
ferrous iron, we have to assume that HCN in this case, just as in that of tho respiratory 
enzyme, blocks the catalysis by reacting with the ferric iron formed in the course of the 
reaction from the original ferrohemochromogen (see also Warburg 1228)). In contrast 
to the inhibition by CO, the inhibition of respiration by cyanides or free HCN is indepen- 
dent of the oxygen tension (1223)). 

The essential difference in the action of CO and HCN on the respiratory ferment 
then, lies in the fact that CO inhibits its oxidation while, HCN inferes with its reduction 
(1233)). That the complex between ferric iron and cyanide is not readily reduced to fer- 
rous iron has been demonstrated in vitro by Barron and Hastings 85): cyanide ferri- 
hemochromogens are only reduced with difficulty by nascent hydrogen. 

It can be demonstrated, however, that ON' has also a certain affinity for bivalent, 
iron and that it may partially displace CO and 0 2 from ferrous complexes. Warburg, 
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Negelein and Christian 1278), working with ferroheme in borate buffer, found that of 
61 cmm. of CO absorbed, 27 cmin. are given off after adding KCN to make the solution 
0.01 N. The same workers studied quantitatively the equilibrium between hemoglobin, 
CO, 0 2 and methyl carbyJamine. The equilibrium constant of the reaction 

> FeCO + CH 3 NC ±> > FeCH 3 NC + CO 
at 10° is K ~ 5.3 10 ~ 5 , while that of the reaction 

> Fe0 2 + CH 3 NC ±> > FeCH 3 NC + 0 2 

is K = 2.5 10 ~ 2 . It follows that the affinity ratio for hemoglobin between CO, 0 2 and 
carbylamine is 19 000:40:1. According to the potential measurements of Conant 
and Tongberg 180), however, tho affinity of the CN' group to ferroheme is still appre- 
ciably greater than that of pyridine for the home. 

These reactions appear to have no significance for the special case of the respira- 
tory ferment, since according to Warburg CN', within the concentration range tried, 
will react exclusively with the ferric form of the enzyme. Carbylamines, on the other hand, 
will not affect respiration or anaerobic fermentation but electively influence the Pasteur- 
Meyerhof reaction, as is evidenced by an increase in aerobic glycolysis (Warburg 1220)). 

Cytochrome: The reports concerning the effect of various inhibitors on tho cyto- 
chrome system are conflicting. More experimental work appears to be necessary before 
a clear-cut picture can be given. 

Both Keilin 540) and Warburg 1224, 1225) agree that, in general, cytochrome will 
not react directly with HCN or CO under physiological conditions and that the effects 
observed after adding those reagents to living cells are mainly due to a primary inhi- 
bition of the respiratory ferment. This is consistent with the view of these authors that 
the enzyme is a specific “cytochrome oxidase”. If it is accepted that the oxidation of 
cytochrome in vivo is brought about exclusively by the respiratory ferment while its 
reduction is effected by dehydrogenase-substrate systems, then any inhibition of the 
respiratory ferment can only interfere with the reoxidation of ferrocytochrome but not 
with the reduction of ferricytochrome. This is borne out by the well-known observation 
that the addition of CO as well as of CN' to baker’s yeast, for instance, causes the appea- 
rance of the well-defined absorption spectrum of reduced cytochrome in full strength 
both under aerobic and under anaerobic conditions. In unpoisoned cells the characteri- 
stic ferrocytochrome spectrum is replaced by the indistinct ferricytochrome spectrum 
upon shaking w r ith air. 

For special cases or in isolated sy terns, however, the observations and their inter- 
pretation are sometimes at variance with the general rule stated above. Pure cytoehrome- 
c, 1 hough indifferent against both CO and HCN within the physiological ph-range, will 
combine with CO in alkaline solutions above ph 11 (Keilin 540)). While it will not react 
with molecular oxygen at ph 4 to 10, it becomes autoxidizable below ph 4. This change in 
behaviour is probably due to more or less irreversible changes in the protein bearer. In 
certain instances a reaction between CO or HCN and cytochrome components has also 
been claimed in vivo. According to Keilin 541, 542) cytochrome-a or its derivatives 
are sometimes capable of directly reacting with CO. Keilin attributes this “atypical 
behaviour” bearer to the lability of the protein of the a-component in certain cells, e.g. 
in B. pasteurianum, B. coli, B. proteus, and Acotobacter. On this set of obser- 
vations hinges the controversy between Warburg and Keilin concerning the direct 
visibility of the respiratory ferment. Warburg wishes to define as respiratory ferment a 
hemin system reacting with CO and HCN and exhibiting absorption bands at wave- 
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lengths identical with those found in the photochemical absorption spectrum. He ob- 
jects to Keilin’s practice of including both CO- and CN'-insensitive and sensitive hemin 
systems in his cytochrome scheme. 

The observations of Japanese workers may be reconciled still less satisfactorily with 
the general rule outlined above. According to Yamagutciii 1366) HCN will react with 
cytochrome-o as well as with b. Shibata 1050) still maintains that cytochrome is able 
to form a loose addition compound with oxygen of the type of oxyhemoglobin. The 
appearance of the spectrum of reduced cytochrome under aerobic conditions after adding 
HCN is explained by a displacement of the 0 2 from tho cytochrome molecule by HCN 
1053) rather than by a blockade of the respiratory ferment (see also Tamiya 1134)). 
While Shibata formerly believed that cytochrome as a whole reacts with0 2 and that this 
reaction is inhibited by CO, he has recently qualified this statement to the effect that only 
certain components of the cytochrome system, particularly cytochrome-b, will react with 
0 2 and CO respectively (Shibata and Tamiya 1053); Yamagutchi 1366)). Fujita and 
Kodama 382) distinguish between various cell types endowed with qualitatively and 
quantitatively different cytochrome systems. Liko Kkilin, Shibata 1053, 1050) wishes 
to identify certain cytochrome components with the respiratory ferment of War- 
burg. 

Recently, Altschul and Hogness 20a) observed a change in the spectrum of 
reduced cytochrome c when its solution is saturated with CO, indicating that it forms 
a complex with CO. This complex formation is said to take place throughout the entire 
ph range from ph 3.8 to 13. 

Peroxidase: This hemin enzyme appears to exist in a somewhat stabilized fer- 
ric form. Accordingly, Wieland and Sutter 1328) found that the enzyme has no ap- 
preciable affinity for CO as evidenced by its insensitivity towards this poison. State- 
ments by Kuiin, Hand, and Florkin 649) to the contrary were refuted by Elliott and 
Sutter 248) who showed that the “inhibition” observed by Kuhn et al. was actually 
due to a mechanical damage of the enzyme caused by the gas stream. HCN, on the other 
hand, will readily inactivate the enzyme. A concentration of 5.10 ~ 6 M. HCN causes an 
inhibition of 50 per cent which is stated to be irreversible in contrast to the inhibition of 
the respiratory ferment or of catalase by CN' (400)). 

Catalase: Active catalase, like peroxidase, contains ferric iron in a somewhat sta- 
bilized form (1377, 1089)). Ordinary reducing agents like sodium hyposuifite (Na^O^ 
or catalytically activated hydrogen fail to reduce it to the ferrous form *). As would 
bo expected, the enzyme is inhibited by HCN; the complex formed between 1 molecule 
of HCN and 1 molecule of porphyrin bound iron dissociates upon diluting the system. 
On the basis of activity determinations in the presence of varying amounts of cyanide 
and also of crude spectroscopic measurements Zeile and Hellstrom 1377) estimate the 
dissociation constant to be 8.1 ()~ 7 . The inhibition by cyanide is reversible. Similar 
relationships obtain between catalase and H 2 S (1377)). 

The effect of CO on catalase* has been studied by a number of workers, with varying 
results. Senter 1044a) as well as Wieland and Haussmann 1317a) attributed the 
decrease of the activity of the enzyme by treatment with CO to a mechanical damage 
suffered by the catalyst. If catalase-containing extracts of leucocytes are exposed to 
CO, C0 2 , H 2 or 0 2 (Stern 1071)), C0 2 , CO and 0 2 will somewhat diminish the activity 
of the enzyme, ph -measurements showed that C0 2 as well as 0 2 cause a cortain shift in 


*) Keilin and Hartree 549) find that H a 0 2 is a specific reductant of catalase. 
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ph which may he responsible for the effect observed. While it was at first assumed that 
the CO-inhibition represents a specific reaction between inhibitor and enzyme, later 
(Stern 1073, p. 188)) it was conceded that the phenomenon might perhaps bo due 
to a mechanical damage of the enzyme by the gas stream. Soon afterwards Califano 159) 
reported in a short note that purified horse liver catalase is inhibited by CO, provided 
that oxygen is carefully excluded. A inanometric technique was employed. Califano 
states that the CO-inhibition is partially reversed *) by illumination. This observation, 
if correct, would strongly suggest the formation of an iron carbonyl complex. The pro- 
blem was reinvestigated (Stern 1089)) under experimental conditions, designed to be 
favorable to an inhibition by CO (low temperature, exclusion of direct light, removal 
of the oxygen formed in the reaction by a continuous CO-stream). Nevertheless, no con- 
sistent and significant inhibitions by CO were observed. Furthermore, attempts to detect 
the formation of an enzyme-OO complex spectroscopically met with no success. This 
was also true when CO and H 2 0 2 were permitted to react simultaneously with the 
enzyme. 

Lately, Keilin and IIartree have made interesting observations pertaining to 
this problem. They found (548)) that when H 2 0 2 is added to catalase which is inhibited 
by sodium azide (NaN 3 ) or hydroxylamine, the color of the solutions turns from greenish- 
brown to red and the three-banded metheinoglobin-liko absorption spectrum is replaced 
by two strong absorption bands at 590 and 554 m /x. This compound combines reversibly 
with CO, giving a derivative with bands at 580 and 545 m /x, and reverts to the original 
azide-catalase only in presence of molecular oxygen, which proves that the iron here is 
in the ferrous form. .Recently, the same workers (Keilin and Hartree 549)) have found 
that an inhibition of catalase by CO may be due either to the absence of 0 2 which is 
necessary for the reoxidation of ferrocatalase to the active ferriform, or to its combi- 
nation with the divalent iron of reduced catalase. The first type of inhibition would be 
expected to bo light-insensitive while the latter should be light-sensitive. Indeed, some 
catalase preparations, but not all, were found to suffer a more or less pronounced light- 
sensitive inhibition by CO. Highly purified catalase preparations are stated to become 
sensitive to CO after adding traces of sodium azide, cysteine or glutathione, substances 
which apparently inhibit the reoxidation of reduced catalase. The CO-inhibition thus 
produced was found to be completely reversible in strong light (visible region of a mer- 
cury-vapor lamp). 

b) Constitution and Chemical Properties of Hemin Catalysts. 

Many efforts have been made to clarify the relationship of the prosthetic groups of 
the hemin-containing enzymes to blood liemin (protoferriheme IX). We are faced with 
the interesting and genetically important question whether all hemin enzymes are derived 
ultimately from the same mother compound (etioporphyrin) as is the case with hemo- 
globin and chlorophyll (Willstatter) or otherwise which basic configurations correspond 
to the various catalysts. The solution of this problem is rapidly forthcoming. 

Before entering into a discussion of the individual hemin catalysts it may be well 
to enumerate the more important hemin and porphyrin types and their formulas. De- 
tails will be found in the review articles by Fischer, Treibs and Zeile 344) and by 
E. Bergmann 97). 

*) In a private communication to one of the authors (K.G.St.) Professor Califano states 
that the extent of the inhibition caused by CO is about 30 per cent and the extent of reactivation by 
light of the effective wave-lengths is 15 — 20 per cent. 
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Hemins are defined as the iron complex salts of porphyrins. The nucleus 
is formed by porphin, a tetrapyrrolic structure held together by four methin(CH) bridges. 
Porphyrins are derived from porphin by the introduction of various side chains into the 
pyrrol rings. It is obvious that the possibility of varying the position of the side chains 
entails the possibility of the existence of a number of position isomers. An etio por- 
phyrin is a tetramethyl, tetraethyl-porphin. All of the liemin catalysts under conside- 
ration may be traced back to etioporphyrin III, representing 1, 3, 5, 8-tera- 

methyl, 2, 4, 6, 7-tetraethylporphin (Formula A). 


B 


0 2 h s 


/ ~li=CH 2 
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CH # CH s COOH CHjCHjCOOH 
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By the exchange of two ethyl 
groups with propionic acid residues 
6 isomeric mesoporphyrins, 
may be formed. The 
1, 3, 5, 8-tetramethyl- 2, 4-diet.hyl- 
6, 7-dipropionic acid-porphin, or 
mesoporphyrin IX, belongs to 
\ lie series of blood hemin. If the 
two remaining ethyl residues are 
replaced by vinyl groups, protopor- 
phyrin IX, C 34 H 34 N 4 0 4 , (Formula 
B) results. The latter may be 
prepared synthetically from liema- 
toporphyrin by splitting off two 
molecules of water. The iron com- 
plex of protoporphyrin IX is the 
blood hemin or protohemin, 
QMH«0 4 N 4 FeCl (Formula C). Pro- 
tohemin (protoferriheme IX) is the 
prosthetic group or the “agon” of hemoglobin, cytochrome, catalase, and very probably 
also of peroxidase. These conjugated proteins are probably only different with regard to 
their bearor proteins. In the case of the cytochromes it may he that a nitrogen base in 
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combination with the home forms the agon which in turn is tied up with a protein of 
relatively small molecular dimensions. In contrast to the forementioned biocatalysts 
the respiratory ferment contains an agon which, though ultimately also derived from 
etioporphyrin III, differs from protheme IX by one side chain and the distribution of 
double bonds. The mother substance is probably a rhodoporphyrin. For purposes of 
orientation in the porphyrin series the following table may be of service: 


TABLE 9. 


Nature of side chains in positions 2 and 4 
(See Formula B) 

| Porphyrin Typo 

ch-ch 2 

Protoporphyrin 

CHOII — CH 3 

Hematoporphyrin 


Mesoporphyrin 


Deuteroporphyrin 

ch.,cit 2 cooh 

Koproporphyrin 


Chemistry of the Cytochromes: 

Altogether there exist probably only three well-defined cytochromes: cytochrome- 
a, b, and c (Keilin). The intracellular “free heinatin” of Keilin 538, 540), supposedly 
the mother substance of the cytochromes, has as yet not been clearly defined or identified. 
The best known and most extensively studied component is cytochrome- c. 

Cytochrome- c is the only cytochrome component which has boon obtained in 
solution and in pure state. The others can only be studied spectroscopically within the 
living cell. Purified cytrochrome-c was first isolated by Keilin 539) form a Delft strain of 
baker’s yeast. His method involved plasmolysis of the yeast by NaCl, rapid heating of the 
plasmolysate to 90°, extraction of the cytochrome by a sulfite-hyposulfite solution, treat- 
ment with CaCl 2 and S0 2 -gas, fractional precipitation with S0 2 , and washing with little 
water. Red scales are obtainod which dissolve in water at ph 6.5 to form a red solution 
exhibiting the characteristic absorption bands of cytochrome-c. Modifications of this 
method have been described by Bigwood 114) and by Green 415). 

Zeile and Reuter 1379), working with other yeast strains but also with Delft 
yeast, failed to obtain satisfactory results by Keilin’s method. By removing impurities 
with kaolin, precipitation in the form of ferri cytochrome and drying with acetone 1 gm. 
crude product with a hemin content of 1.3 per cent was obtained from 12 kg. yeast. A 
further purification could be achieved by fractional precipitation and adsorption on 
kaolin and BaS0 4 ; the hemin content rose to 3.2 per cent hemin and the degree of 
purity was estimated to be 92 per cent. It is worth noting that only oxidized but not 
reduced cytochrome-c is adsorbed by kaolin. 

Pure cytochrome-c was isolated for the first time by H. Theorell 1156, 1157). 
His starting material was beef heart muscle which he found to be richer in cytochrome 
than yeast. The extraction from the defatted material is accomplished by dilute sulfuric 
acid. After neutralizing, the cytochrome-c is precipitated by saturation with ammo- 
nium sulfate at 60°. The resulting product (7.5 gm. from 1 kg. of heart muscle) is 50 per 
cent pure (0.17 % Fe); it is further purified by adsorption on BaS0 4 , elution with HC1, 
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and acetone precipitation. The most ingenious step in this method consists in the ad- 
sorption of the cytochrome on finely divided cellophane which had previously been found 
to adsorb hemin pigments in dialysis experiments. Elution is brought about by dilute 
ammonia. The end-product as obtained by concentration and drying in vacuo over 
sulfuric acid is described as amorphous. The yield is about 1 gm. from 100 kg heart 
muscle. The elementary analysis shows that there were present 49.18 % C, 7.38 % H, 
14.4 % N, 1.18 % S, 27.5 % 6, and 0.34 % Fe; In contrast to earlier findings of Coo- 
lidge 184) no inorganic iron is contained in the cytochrome complex (Green 415); Hill 
and Keilin 487)). The purity of the preparation was concluded from the fact that the 
percentage of porphyrin-bound iron is the same as that in hemoglobin and that attempts 
to raise the figure by different purification procedures failed. 

The procedure described by Theorell has lately been considerably simplified by 
Keilin and Hartree 584a). Finely minced ox or, still bettor, horse heart muscle is extrac- 
ted with dilute trichloroacetic acid at ph 4. After neutralizing, impurities, particularly 
hemoglobin, are removed by ammonium sulfate precipitation. From the filtrate the 
cytochrome-c is precipitated in the oxidized form by shifting the ph from 4.9 to 3.7 
by the addition of trichloroacetic acid. The red deposit is washed with saturated ammo- 
nium sulfate solution, suspended in distilled water and dialyzed through cellophane 
at low temperature against 1 % NaCl-solution. Thus (i kg. ox heart will yield appro- 
ximately 1 gm. and the same amount of horse heart about 1.6 gm. of pure cytochrome-c 
with an iron content of 0.34 %. 

Inasmuch as attempts to further fractionate cytochrome of this purity by adsorption 
on calcium phosphate or by fractional precipitation either with trichloroacetic acid in 
presence of ammonium sulfate or with lead acetate failed to raise the iron content above 
0.34 % this value may be accepted as representing the iron content of pure cytochrome-c. 
Keilin and Hartree also report that hot aqueous extracts of horse heart muscle yield 
only cytochrome preparations of a low degree of purity (18.3 gm. of 14% pure pigment 
per 100 kg. of muscle). 

The ultimate preparation of pure cytochrome-c makes this important catalyst 
available for studies of an analytical chemical character and it has already permitted 
several controversial points to be settled pertaining to its properties. To mention only 
a few of these points, Keilin and Hartree show that the two additional absorption 
bands in tho red region of the spectrum described by Bigwood et. al. 114) are absent 
in solutions of pure cytochrome c and hence must he due to impurities, probably to ver- 
dohemochromogens (Lemberg and Wyndham 711b)). The transition from reduced to 
oxidizod cytochrome is a true oxidation reaction involving a change in valency of the 
iron from the divalent to the trivalent state. The view of Siiibata (1050)) that cyto- 
chrome is able to combine loosely Avith molecular oxygen in a manner analogous to 
hemoglobin is erroneous; oxidized cytochrome may be boiled in evacuated tubes in the 
complete absence of oxygen without suffering reduction. Within tho physiological ph- 
rango cytochrome-c is practically non-autoxidizable. Besides a number of inorganic 
reagents (ferricyanide, copper salts, 1I 2 0 2 ) indophenol oxidase but not catechol oxidase 
will oxidize reduced cytochrome. When a solution of ferricytochrome-c is heated to the 
boiling point, it turns yellow brown and the parahematin-like spectrum disappears. On 
cooling, the original red color and absorption spectrum are restored. This roversible 
change is a general property of ferrihemochromogens and is attributed to a temporary 
thermal dissociation of the nitrogeneous bearer from the heme nucleus. Reduced cyto- 
chrome does not exhibit, this remarkable property. 
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Cytochrome-c is readily reduced, e.g. by sodium livposulfite (Na^O*) or by hydrogen 
activated by palladium or platinum (Keilin 540), Green 416)). One atom of porphyrin- 
bound ferric iron is reduced by one atom of hydrogen (Theorell 1157)). The same 
holds for the reduction by alkaline ferrous tartrate: One cytochrome equivalent is reduced 
by one equivalent of the ferrous salt. Glutathione, in neutral solution, is also a suitable 
reducer (Big wood and Thomas 118)). Metabolites like succinate will not reduce cyto- 
chrome c (Keilin 540)); the corresponding dehydrogenases have to be present in addition 
to the substrates (e.g., lactic dehydrogenase plus lactate (Green 415)). 

In vivo, tho rooxidation of cytochrome is accomplished by the respiratory ferment 
of Warburg (pheokemin enzyme). This does not mean that the reaction must be between 
the respiratory ferment and cytochrome-c. Warburg has proposed a scheme according 
to which the three cytochrome components arc connected in series and not in parallel 
to each other (1234)). Experiments by Haas 430a) who compared the over-all rato of 
respiration of yeast with the rate of reduction of cytochrome by the reducing systems of 
the cell and who found both of the same order of magnitude, speak strongly in favor of 
this view. His experiments, however, did not indicate the exact position of cytochrome-c 
in this chain. This problem has recently been taken up by Tamiya and Ogura 1134) 
and by Ball in the Laboratory of Warburg 58b). The Japanese workers conclude from 
titration experiments with 0 2 , benzoquinone, and sodium hyposulfite that the normal 
potentials of the three cytochrome components at ph 7.0 decrease from cytochrome-c, 
over a to b. This would mean that cytochrome-c is closest to the respiratory ferment 
in the chain, while cytochrome-b would react with the activated metabolite systems. 
Ball 68b), on the other hand, observing qualitatively the effect of oxidation-reduction 
indicators on the intracellular cytochrome spectrum, proposes the sequence cytochrome- 
a, c. and b. An attractive feature of this hypothesis is that the soluble and relatively 
low-molecular c-component would function as the carrier or transporter of 
hydrogen equivalents between the other two components which are apparently 
intimately linked up with the structure of the cell and which otherwise may not be 
able to react with each other due to spatial separation. 

These considerations show tho importance of the knowledge of the oxidation- 
re d u c t. i o n p o t e n t i a 1 of the cytochrome system. This , however, is a rather controversial 
subject. Stone and Coulter 1105) had estimated the normal potential, E c ', of cyto- 
chrome c in cortain bacteria to be -f- 0.280 V. at ph 7.6. Coolidoe 184), working in the 
laboratory of Conant, found similar values for yeast cytochrome c (-f 0.260 Y. at ph 7). 
These determinations were, howover, severely criticized by Green 415) on the basis of 
electrometric titrations of purified cytochrome c prepared from bakers yeast by a modi- 
fication of Kkilin’s first method. Green found: E 0 ' = +0.125 V. at ph 7.14, + 0.082 
at ph 7.43, + 0.082 V. at, ph 8.88 and + 0.060 Y. at ph 9.2. More recently, De Toeuf 
1183) concluded that the normal potential of the ferro- ferricytochrome c system must be 
between + 0.120 and 0.180 Y. at ph 7. 

In contrast to the findings of Green and of De Toeuf, Ball 58b) on the basis of 
his rather crude experiments cited above, estimates the potential of cytochrome c to 
about -f- 0.270 V. at ph 7.4. His result is confirmed by Laki 694) in Szent-Gyorgyi’s 
institute: If quinhydrone is added to an oxidase preparation from pigeon breast muscle 
showing the absorption bands of tho three cytochrome components and if the PH is varied 
by suitable buffers, the c-component is only reduced by the quinhydrone at alkaline 
reaction whereas it is oxidized at acid reaction. At ph 7.4 the cytochrome is present 
approximately in a half -reduced and hald-oxidized state. At this ph, therefore, its normal 
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potential should be about the same as that of the quinone-hydroquinone system, i.e. 
about + 0.280 V. When the experiment was repeated with pure cytochrome prepared by 
H. Theorell 1167) no reduction could be observed with quinhydrone. This result, to 
Laki, seems to suggest that the potential of isolated cj^tochromo c is more negative than 
that of cytochrome c linked to the structure of the cell. At this point it must be mentioned 
that Keilin and Hartree 560a) could observe a reduction in vitro of cytochrome c 
preparations of comparable purity both by hydroquinone and by p-phenylenediamine. 

The question has recently been reinvestigated by Wurmser and Filitti 1368, 1369). 
These workers prepared cytochromo c from heart muscle according to Keilin and 
Hartree. They then determined the equilibrium potential formed in mixtures of ferro- 
and ferricytochrome of a ratio determined by spectrophotometry. In another series of 
experiments, ferricytochrome was mixed with known amounts of reductinic acid the 
potential of which had pre- 
viously been determined by 
Mayer 763) and which will 
partially reduce ferricyto- 
chrome with great rapidity. 

After attainment of equilibrium 
the degree of reduction of 
the cytochromo was ascer- 
tained by spoctrophotometry. 

Wurmser and Filitti find 
that the normal potential of 
cytochrome c is + 0.253 V. 
between ph5and8. Their value 
is therefore in agreement with 
the early findings of Coulter 
and of Coolidge as far as 
ph7 is concerned where as they 
cannot confirm the statement 
of Coolidge that the potential 
changes with the hydrogen ion 
concentration in this pli-range. 

About the redox potentials of cytochrome a and b nothing definite is known. Accor- 
ding to Ball, their behaviour towards indicators suggests a normal potential of cyto- 
chrome a of about + 0.290 V. and of cytochrome b of about — 0.04 V. 

Cytochrome-c does not form compounds with substances such as cyanide, sulfide, 
fluoride, azide, hydroxylamine or peroxides which are known to combine with other 
heme derivatives. The only substance with which cytochromo-c reacts in a reversible 
manner, within the physiological ph-range, is nitric oxide (NO) (Keilin and Hartree 
648a)). The absorption spectrum of the NO-complex together with that of reduced 
cytochrome is shown in Fig. 5. 

The NO-complex of cytochrome, the spectrum of which is shown in Fig. 5, contains 
ferricytochrome. Two distinct bands are noted at 565 and 530 m /x. Ferrocytochrome 
will not combine with NO, but the ferricvtochrome-NO compound is reduced by 
hyposulfite to a complex which may possibly represent the ferrocytochrome- NO 
combination. 

The concentration of cytochrome-c in solution may be determined spectrophoto 

Oppenheimer-Stern, Biological Oxidation. 11 



460 480 300 520 540 560 580 600 620 mp 

Fig. 5. Absorption Spectrum of NO-cytochrome complex 
as compared with that of reduced cytochrome. Ordinate, 
absorption coefficient per gram atom of cytochrome iron; 
abscissa, wave-length in millimicrons. 

(Keilin and Hartree 548a)). 
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metrically; a convenient wave-longth being 549 7 m For this wave-length, the rela- 
tion holds: 

In — = c d X 0.62 X 10 8 , 

where c is the concentration of reduced cytochrome-c in terms of gm. atoms of iron 
per cc., and d the layer of thickness of solution (Dixon, Hill and Keilin 214); Keilin 
and Hartree 548a)), 

It is highly significant that a number of independent methods have yielded very 
similar values for the molecular w e i g h t of cytochrome-c. Zeile and Reuter 1379, 
1376), from the ratio of total cytochrome as determined by the difference of adsorbed 
material in the reduced and oxidized state (soo above) and from the hemin contont of 
their purest preparations (3. 5 %) estimate the molecular weight to bo 18,000. With his 
pure preparation from heart muscle Theorell 1157) obtained a diffusion constant 
Dgo® == 11.1 • 10~ 7 cm 2 /scc., corresponding to a molecular weight of 16,500 on the basis 
of the Einstein-Stokes equation. The iron content of 0.34 % yields a minimum mole- 
cular weight of 16,500 on the assumption that one iron atom is contained in one cyto- 
chrome molecule. Pedersen, in unpublished experiments quoted by Theorell 1157), 
finds a sedimentation constant S 20 o = 2- 10 ~ 13 dynes - cm- 1 * sec- 1 and a partial specific 
volume of 0.707 from which a molecular weight of 16,500 is calculated. The much higher 
value found by Zeile and Reuter 1379) in diffusion experiments with Anson and 
Northrop’s porous disc method is probably due to an association phenomenon; free 
heme also yields values by this procedure which are too high. 

This point of view is further strengthened by the results of preliminary determinations 
of the osmotic pressure of cytochrome-c at ph 6.8, carried out by Adair (quoted by 
Keilin and Hartree 548a)) ; the provisional results for the molecular weight agree within 
10 % with the equivalent weight determined by the iron content, i.o. 16,500. 

Contrary to the case of hemoglobin, where 4 “Hufner units” of 1 6,500 each appear 
united to form one macromolecule of 66.000 molecular weight carrying four heme 
groupings it would appear then that cytochrome-c in solution has the size of just one 
"Hufner unit” with one heme group. It is woll to keep in mind, though, that the 
extraction of the pigment from the cells is carried out with rather drastic reagents, 
e.g. dilute sulfuric acid, which may cause the breakdown of a larger complex into 
smaller units. 

The isoelectric point of cytochrome-c was found by Zeile 1376) at ph 8.2 and 
by Theorell 1157) evenmore alkaline, namely at ph 9.82 in borate buffer and at 9.86 
in glycine buffer. The electrophoretic mobility has boon determined by Theorell 1157). 
In contrast to ordinary proteins the ionic mobility was found to be independent of the 
ph between 7.0 and 9.3 as u = 5 - 10 -5 cm 2 /sec/V. 

The last named constants are largely if not solely determined by the protein com- 
ponent of the cytochrome. The relatively easy method of preparation of pure cyto- 
chrome-c has enabled Keilin and Hartree 548a) to determine several amino acids 
in cytochrome hy droly satos. Table 10 gives the results of the analysis of 1.44 
gm. cytochrome-c after hydrolysis with strong HC1. 

Tryptophane was also estimated in a tryptic hydrolysate of cytochrome-c. The 
value obtained, viz. 0.94 %, agrees well with that found in the acid hydrolysate. 

Table 10 shows that with rospect to the amino acids so far determined in cyto- 
chrome-c the differences as compared with hemoglobin are not very large, with the 
exception of tryptophane. 
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TABLE 10. 


(From Keilin and Hartree 548a)). 


Amino Acids 

| In Cytochrome-c 
j per cent , 

In Hemoglobin 
(Horso) per cent 

Arginine 

5.6 

8.57 

Cystine 

1.1 

0.74 

Histidine 

7.8 

8.13 

Lysine 

9.1 

8.31 

Tryptophane 

0.9 

2.38 


The maimer in which tho protein is linked up with the heme residue in cytochrome-c 
is still under investigation. The situation appears to be more complex than in the case 
of hemoglobin. There tho consensus of opinion is that the protein is linked to the iron 
atom of the heme group by a covalent bond. For cytoehrome-c three possibilities 
have been discussed on the basis of the experimental facts: (1) The heme contains ani- 
trogeneous base in a side chain of the porphyrin structure in the form of a quaternary 
ammonium salt in addition to the carrier protein which is linked to the cytochrome iron 
in the usual manner, (2) The nitrogeneous base is a peptide and is linked to tho heme in 
the form of a peptide bond between a carboxylic group of the side chains of the porphyrin 
and an amino group of the peptide. In addition, there would be the bearer protein in the 
usual type of linkage. And (8), the entire protein pheron is combined with tho heme agon 
through a peptide linkage so that the Fe atom is not involved at all. 

In their early experiments on the nature of the porphyrin contained in cytochrome 
Hill and Keilin 486) obtained a so-called “u n m o d i f i e d” c-porphyrin by splitting off 
tho iron with HC1 and S0 2 in the absence of oxygen. This c-porphyrin differs from all 
known porphyrins by its solubility in water. Zeile and Piutti 1378) attribute this 
atypical behaviour to the fact that the mild IICl-S0 2 -treatment has not split off the 
nitrogeneous base in the porphyrin side chain. The absorption bands of this “unmodified” 
porphyrin are located between those of proto- and hematoporphyrin. Zeile and his 
collaborators tried to elucidate the structure of this porphyrin by synthesis. The in- 
troduction of N-bases into the porphyrin molecule by way of a carboxylic group in the 
manner of a peptide bond (Zeile and Piutti 1378)) failed to yield derivatives similar 
in their absorption spectrum or in other properties to the cytochrome porphyrin. On the 
other hand, the attachment of tertiary N-bases to the unsaturated side chains of proto- 
porphyrin was more successful. 

Zeile and Piutti 1378) prepared adducts of glycine, pyridine, and othor N-bases 
to the unsaturated sido chains of protoporphyrin with tho aid of HBr. After introducing 
iron into the products obtained with pyridine, collidine and quinoline they showed the 
characteristic cytochrome absorption band at 550 m [± . The constitution of the pyridine 
adduct which was prepared in crystalline form is indicated by the formula 
on p. 164. 

It is undecided as yet whether the pyridine nitrogen is attached to the porphyrin 
side chains 2 or 4. If N-bases containing primary, secundary or acyclic tertiary nitrogen 
are usod, hydrophilic porphyrins with tho spectral properties of tho c-porphyrin are 
obtained. However, in this case the N-base cannot be split off with HBr-acetic acid. 
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Therefore Zeile assumes that cytochrome-c contains a tertiary cyclic N-base which 
is combined with the porphyrin in 2- or 4-position through the formation of a quater- 
nary ammonium salt. These synthotic experiments cannot be regarded as furnishing 
decisive proof for the constitution of cytochrome-c. Rociie and B£nevent 991) point 
out that the synthetic products, in spite of the similar absorption spectrum, exhibit a 
somewhat different chemical behaviour when compared with the natural unmodified 
c-porphyrin: The synthetic hematins obtained with pyridino or glycine methylester will 
combine with globin to form compounds of the type of methemoglobin, whereas cyto- 
chrome-c is unable to do so. Cytochrome-c when combined with globin forms a ferri- 
hemochromogen (parahematin) which may be reduced to a ferrohemochromogen (Roche 
and B£nevent 991)). This indicates that the bridging link between the cytochrome 
liemin and the protein component is moro complex than in other heme proteins. Recently 
Theorell has attacked this question by breaking down the natural cytochrome-c in 
a gradual manner (1160)). He finds that the iron may be removed more simply than by 
the HC1-C0 2 method of Hill and Keilin, viz, by saturating an aqueous cytochrome 
solution at 0° with HCl-gas. The interesting point is that the “unmodified c-porphyrin” 
thus obtainod is soluble in aqueous solvents and insoluble in organic solvents; that it 
exhibits the electrophoretic behaviour of a protein with an isolectric point near ph 7 ; 
that it is unable to pass parchment membranes; that its molecular weight as estimated 
from the ratio heme/dry matter is about 4 — 5000, and that it contains 11 % nitrogen. 
Upon hydrolyzing with hydrochloric acid at 100° amino acids are gradually split off 
from this large molecule. When the molecule has reached a size of 1600 — 1800 the por- 
phyrin-polypeptide complex begins to bo precipitable isoelectrically at ph 4.2. The next 
lower product had a molecular weight of 1160 — 1320. All preparations were found to 
contain sulfur (1 to 1.8 atoms S per molecule). The titration curve traced with the glass 
eloctrode rovealed 4 basic groups in addition to those present in hematoporphyrin. 
Three of these groups are NH 2 -groups (van Slyke method). There are also present 6 acid 
groups. By prolonged hydrolysis it was possible to split off still more amino acids until 
a relatively pure preparation of a molecular weight 1020 was obtained. It contained 
6 N-atoms and only tracos of amino nitrogon. The titration curve indicates the existence 
of 5 — 6 acid groups. The hydrolysis did not affect the characteristic properties of the 
c-porphyrin. The spectrum, the hydrophilic behaviour and the ability to combine with 
Fe to form a hemochromogen with bands at 550 and 520 m /x were retained throughout. 

The structure of the porphyrin itself as contained in cytochrome-c has been 
elucidated by the experiments of Zeile and Reuter 1379). It had been known previous 
to their work that cytochrome-c contains iron capable of reversible oxidation-reduction 
and that the removal of the iron leads to a porphyrin of the hematoporphyrin type 
(Hill and Keilin 486)). Zeile and Reuter subjected cytochrome-c to HBr-acetic 
acid decomposition. Crystalline hematoporphyrin was isolated as a reaction product 
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just as in the case of blood hemin. After reduction with HJ-acetic acid to the mesopor- 
phyrin stage and estorification with HCl-methanol the mesoporphyrin dimethylester 
thus obtained was compared spectroscopically and with regard to melting point and 
mixed molting point with the corresponding ester of synthetic mesoporphyrin IX and 
was found to be identical with it in every respect. This proves that the heme in cyto- 
chrome-c is protoheme IX (blood heme), modified by the introduction of an N-base 
into the porphin structure and tied up with a protein definitely different from globin. 

Recently, H. Theorell 1163) has made another important contribution to the 
problem of the constitution of cytochromo-c. He could show that the porphyrin-c as 
obtained by hydrolysis of cytochrome-c with HC1 contains a side chain which is split 
off by HBr-glacial acetic acid and which contains 2 atoms of sulfur, two carboxylic 
and two amino groups. In both instances the amino groups are in a-position to the COOH- 
groups. Both S-atoms appear to be present in the form of thio-ether (C— S — C) linkages 
forming a bridge from the porphyrin nucleus to the carrier protein. On one side, the S- 


atoms are tied to those C-atoms which after HBr-acetic acid cleavage carry the OH- 
groups of the hematoporphyrin thereby formed while on the other side the S-atoms are 

attached to C-atoms in the 
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diamino-dicarboxylic 
side chain of the 
phyrin-c. 

One or several of these 
amino and carboxyl groups 
are linked by peptide bonds 
to the portion of the 
protein component which 
is split off by acid hy- 
drolysis. The stability of the 
thio-ether bridge accounts 
for the failure to split cyto- 
chrome-c in a reversible man- 
ner. It will be remembered 
that BERsiNlOla) some time 
ago advanced the hypothesis 
that sulfur atoms might be 
involved in the linkage be- 
tween hemin group and bea- 
rer protein of certain enzy- 
mes. He was, at that time, considering the 
possibility of a dithio- ( — S — S — ) linkage. 
Theorell’s new experiments, for the first 
time, lend experimental support to the theory 
of the role of sulfur*) as a bridging link, al- 
though in a form differing from that visu- 
alized by Bersin. The adjacent formula, 
according to Theorell, represents best our 
present knowledge of cytochrome-c: 


*) /“Cystine has since been obtained from porphyrin-c (H. Theorell, Enzymologia, 6, 88(1989)). 
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We know very little about the chemistry of the cytochrome components a 
and b*). Neither has as yet been isolated in native state from cells. It is possible that the 
prosthetic group of cytochrome-a is a mixed-colored or pheohemin just as is the case with 
the respiratory ferment (Roche 990)). It is possible that the pheohemin isolated by Roche 
989, 990) and by Negelein 879) from heart muscle represents the prosthetic group of 
cytochrome-a. A material rich in cytochrome-b is the muscle of Actinia . Roche 795) 
obtained from it a pyridine hemochromogon which exhibited the properties of blood 
hemin. Roche assumes that, at least in this particular case, cytochrome-c and b have 
the same prosthetic group of the protoporphyrin type and perhaps even the same protein 
bearer; the only difference being the type of linkage between heme and protein. It will 
be romemberod that Keilin 536), on the basis of spectroscopic comparison of the cyto- 
chrome spectrum with that of other hemochromogens, concluded that they are ulti- 
mately derivod from tho same hemin and that the differences in their absorption spec- 
trum may be due to their different degree of "dispersion” in the cell. It would appear 
that the a-component has a heme different from the other two components. It 
is possible that cytochromo-c and b have the same agon but a different pheron 
(bearer). This will require further experimentation. Yakusiiiji and Mori (Acta Phyto- 
chim. 10, 125 (1937)) claim to have obtained cytochrome-b in purified form from yeast. 

Respiratory Ferment: 

The hemin character of the respiratory ferment was doduced by Warburg 1233) 
from its behaviour towards CO and light, IICN, and from the pattern of the absorption 
spectrum (see Fig. 3, p. 145) as obtained by the photochemical method. Particularly 
typical for a heme derivative is the steep y-band in tho violet region, at 436 m /x. On 
the other hand, the shift of the enzyme bands towards the red as compared with the 
bands of blood hemin derivatives suggested that the heme contained in the enzyme is 
not a red hemin. The possibility that the peculiar state of dispersion or distribution of 
the enzyme within the living cell or that the nature of the bearer protein might be 
responsible for this red-shift, was ruled out by Warburg. In his model experiments 
neither a change in state of aggregation, adsorption, or coupling with bases or proteins 
led to a shift of tho blood hemin bands into the vicinity of the enzyme bands (1276). 
It must bo mentioned however that Keilin (l.c. 540) reports that it is possible to shift 
the position of the main absorption band of protohemochromogens by suitable choice 
of the N-bases from 417 to 452 m /x. The “SoRET”-band of piperidine hemochromogen 
lies at 438 m ft (Keilin 540)); so does tho band of pyrrolidine hemochromogen 
(Zeile 1372a)). 

The absorption spectrum of a hemin is to a certcin extent dependent upon its 
constitution, i.e. of the nature of the radicals present in the side chains of the pyrrol- 
rings or in the methin bridges. While it is possible to dotcct spectroscopically certain 
substituents as unsaturated side chains, carboxylic groups, substituents in the methine 
bridge, etc., a difference between a methyl, ethyl, or even propionic acid grouping, or 
with respect to position of substituents in isomer porphyrins finds hardly an adequate 
expression in the absorption spectrum. With this reservation one may state that only 
such hemins may be considered, when casting about for close relatives of the respiratory 
ferment, the absorption of which is shifted towards the red relative to blood hemin. It 
has already been mentioned that Warburg distinguished between red, green, and 
mixed-colored hemins. The red hemins are derivatives of the blood pigment hemo- 

*) See Oppenheimer’s ..Supplement” p. 1656. 
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globin (protoheme) and of the far-reaching breakdown of chlorophyll. They are spectros- 
copically characterized by the fact that the main (y-) band of their CO-compounds is 
situated around 420 m /x and below and that the long- wave (a-) band is at 570 in p and 
below. The green hemins, or pheophorbid-hemins, are derived from chlorophyll by 
hydrolyzing off the phytol group and substituting iron for the magnesium. In contrast 
to the respiratory ferment they show selective light absorption in the red region of the 
spectrum. Tho mixed-colored hemins (pheohemins) are intermediate between the red 
and the green hemins with regard to their spectrum. Besides the respiratory ferment this 
group includes such pigments as spirographis hemin, pheohemin b, kryptohemin. Inas- 
much as no direct evidence concerning the chemical structure of the respiratory ferment 
is available, we shall have to limit ourselves to a short discussion of the chemistry of the 
known representatives of the pheohemin group. This is done in the assumption that the 
data obtained with such pheohemins are more or less representative for the heme group 
of the enzyme. 

Spirographis Hemin. 

This hemin is the prosthetic group of chlorocruorin, the blood pigment of 
the marine worm Spirographis. Besides the heme there is present a protein which is 
different from globin (Rociie 993, 984)). Warburg et al. 814) succeeded in the pre- 
paration of pure crystalline spirographis hemin of the empirical formula C 3 2 H 3 2 N 4 0 5 FeCl 
the uncertainty being ^ 1 C and i 1 H. It contains 2 C-atoms less and one O-atom more 
than blood hemin. The molecular weight would bo close to 540; the number of acid 
groups, according to manometric determinations, is 2; the dissociation constants 
are larger than 10 ~ 7 . Four of the oxygen atoms are present, as carboxyl groups. The 
fifth 0-at.om was considered to be in the form of a keto group (Warburg, Negelein 
and Haas 1276, 1279)). 

Warburg and Negelein 1275) were able to split off the iron from spirographis 
hemin by means of ferroacetate-HCl in an inert atmosphere. The porphyrin was purified 
by the usual HCl-ether fractionation and finally obtained in pure crystalline form. The 
empirical formula is C 3 oH 31 N 4 0 5 ± 1H. The spectrum in neutral ether shows bands at 
I. 509—520; 11. 550—560; ITT. 580—582; TV. 591—594; V. 639—647 m /x, 

band II. being the strongest. If the porphyrin is treated with hydroxylamine the absorp- 
tion bands are shifted towards the blue end of the spectrum and a crystalline oximo is 
obtained. It was this reaction which led Warburg to believe that the fifth O-atom is 
contained in a carbonyl group. 

The ferrous form of spirographis hemin as obtained by reduction of tho ferric form 
with cysteino in weakly alkaline solution (0.01 N. NaOII) suffers a molecular rearrange- 
ment at 75° which may bo demonstrated by preparing tho pyridine hemochromogen and 
measuring the position of the long-wave absorption band before and after tho rearran- 
gement: 

Band before Rearrangement . . 584 m /x 
Band after Rearrangement . . 553 m /x. 

The interesting point here is that the long-wave absorption hand of the hemochro- 
mogon shifts from the position typical for a green-red hemin (pheohemin) to a spectral 
region commonly occupied by red hemins. By linking spirographis hemin to globin the 
rearrangement is prevented. 

The chemical study of spirographis hemin was continued and brought to a 
successful conclusion by H. Fischer and Seemann 343). The constitution of tho 
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pigment was elucidated with tho aid of 189 mg. of this precious material. 

The careful comparison of spirographis porphyrin with the spectroscopically and 
analytically similar oxorhodoporphyrin (1 , 8,5,8- tetrainethyl-2-acotyl-4-cthy 1-6 -car- 
boxylic acid porphin-7-propionic acid) had the following result. A depression of the mixed 
melting point of the two dimethylesters precludes an identity of the two compounds. 
This is further substantiated by the fact that the iron complex salts of the two porphyrins 
behave differently upon catalytic hydrogenation. On the other hand, both porphyrins 
will form a monoximo while the spectroscopically similar diacetyldeuteroporphyrin 
yields a dioxime with hydroxylamine. 

Inasmuch as the earlier experiments of Fischer and Breitner had demonstrated 
the presence of a formyl group in position 8 in chlorophyll-b, Fischer and Seemann 
investigated tho possibility that tho fifth O-atom of spirographis porphyrin may be present 
in this form rather than as a carbonyl group. The fact that this group could be oxidized 
to a carboxyl group proved this working hypothesis. Experiments designed to prove or 
disprove the structure of spirographisporphyrin as that of a formylrhodoporphyrin, with 
the formyl group in analogy to chlorophyll-b tentatively in position 8, had no decisive 
results. At this stage of the investigation, Fischer and Seemann took again recourso to 
the catalytic reduction of spirographishemin and -porphyrin. It was found that upon 
hydrogenation the formyl group is completely reduced to a methyl group. This, together 
with the observation that diazoester reacts with spirographisporphyrin in such a manner 
that the formyl group yields a ketocarboxylic acid ester residue, suggested that the 
porphyrin contains 2 propionic acid, 1 formyl, 1 vinyl, and 4 methyl groups in the side 
chains. By the method of mixed melting point determination the identity of 
hydrogenated spirographisporphyrin with l,2,8,5,8-pentamothyl-4-ethylporphin-6,7-di- 
propionic acid was established. Therefore the vinyl group in spirographisporphyrin 
must be in 4-position while the formyl residue must be in 2-position. This formulation 
is further supported by the identity of the product of tho resorcinol fusion of spiro- 
graphis hemin with deuteroporphyrin IX. 

Tho foregoing evidence and other facts permit to assign to spirographis porphyrin 
the structure of a l,8,5,8-tetramethyl-2-formyl-4-vinylporphin-6,7-dipropionic acid 
as shown in the following formula 
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Spirographis Porphyrin (acc. to Fischer and Seemann 343)). 



8FIROORAPHI8 HEMIN 


169 


This formulation explains the shift of the absorption bands of the spirographis 
hemochromogen observed by Warburg and Negelein 1276). These authors had used 
hydrazine for the reduction of the ferri- to the ferrohemochromogen. It is probable 
that under such conditions hydrazone formation occurs at the formyl group which 
causes a blue-shift of the absorption bands. Spirographishemin is thus characterized 
as a close relative of protohemin IX (blood hemin) which in turn is derived from 
etioporphyrin III. It is suggested by Fischer and Seemann that spirographishemin is 
formed by the oxidation of a vinyl group of protohemin in position 2. This possibility 
of its biogenesis is supported by the fact that protoheine IX is contained in cytochrome-c 
(see p. 165) and thus genetically older than spirographis hemin. 

It appears very likely that the porphyrin present in Warburg’s respiratory ferment 
also contains a formyl group in the side chain. 

Besides spirographishemin and its combination with the natural protein (chloro- 
cruorin) or with globin (spirographishemoglobin) (see below), Warburg has 
compared the spectra and properties of other hemins with that of the respiratory 
ferment. 

When the enzyme spectrum was obtained in 1928 — 29 by the photochemical method, 
no hemins were known which, according to their spectrum, could be considered closely 
related to the enzyme hemin. In the following year H. Fischer and Zeile 346) prepared 
diacetyldeuterohemin and H. Fischer 342) obtained pheohemin-a by reducing 
chlorophyll-a with III and introducing iron into the molecule. Although the absorption 
bands of these two hemins are somewhat shifted towards the red, i.e. towards the enzyme 
bands, as compared with blood hemin, their position is still too far towards the short- 
wave region to make them an effective model for the enzyme. The fact that derivatives 
of chlorophyll-b have, in general, bands situated more towards the red than those of 
chlorophyll-a, induced Warburg and Christian 1236) to perform experiments in the 
chlorophyll-b series. They reduced chlorophyll-b to pheoporphyrin-b by HI. The intro- 
duction of iron into the molecule in propionic acid solution yielded pheohemin-b, 
(CH 3 CII 2 C0)C 32 H 29 N 4 0 6 FeCl. Tt is a dicarboxylic acid and contains a keto group and 
a formyl group *). Pheohemin-b is a mixed-colored hemin, it is green in concentrated 
and red in dilute solution. The fact that the combination between this hemin and globin 
exhibits an absorption spectrum closely resembling that of the respiratory ferment has 
led Warburg to call the group comprising spirographis hemin, the respiratory enzyme 
and pheohemin the class of pheohemins. 

If chlorophyll is treated with strong acid, the phytol ester linkage is hydro- 
lyzed and the magnesium is split out. The resulting compound is called pheophorbide. 
Warburg 1232) prepared pheophorbide-b from chlorophyll-b and introduced iron 
instead of the magnesium into the complex. Pheophorbide-b hemin is a green 
hemin. Its combination with globin, pheophorbide-b hemoglobin, has absorption bands 
located further towards the red than the respiratory ferment. This excludes the possi- 
bility that the hemin of the ferment is a green hemin **). The structure of pheophorbide-a 
and -b, suggested by H. Fischer, is given in the following formula: 


*) The structure of pheoporphyrins and related compounds is discussed in the recent reviews 
on the structure of chlorophyll by Steele 1066) and H. Fischer 841). 

**) This refers to the respiratory ferment of yeast and acetobacter; the enzyme of azotobaoter 
may be a derivative of a green hemin ( 880 )) or of biliviolin ( 711 c)). 
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Pheophorbide-a and -b (acc. to H. Fischer 341 )) 

Pheophorbide-a: X = CH 3 
Pheophorbide-b: X = CHO 

Tho position of the long-wave absorption bands of the pyridine hemochromogens 
of some of these heinins is shown in Table 11. 


TABLE 11. 

(From Warburg and Negelein 1275)) 

Long-wave Absorption Bands of Several Hemins in the Form of Pyridine Ferro Hemo- 
chromogens. 


Homin j 

Wave-length 

Protoheme IX (Blood hemin) . . . . 

Pheohemin-b 

Spirographishemin 

Pheophorbid-b hemin 



557 m/i 

584 in /i 

584 m /i 

600—622 m / 1 *) 


If the hemins are permitted to react with native globin in neutral aqueous solution, 
compounds analogeous to metliemoglobin are formed. Assuming an equivalent w T eight 
for globin of 16,000, Warburg and Nec klein 1275) find that slightly over one globin 
equivalent is required for the saturation of one molecule of hemin. This observation 
suggests a quite tight, i.e. little dissociated, linkage between hemin and protein. Tho 
measurement of tho combination between the two components is based on the fact that 
at tho wave-length of the absorption maximum of the "methemoglobins” in the blue- 
violet region the combination process causes an increase in light absorption over that 
of the free hemin. Figure 6. shows that in tho case of blood hemin a constant value of 
extinction at 405 m/i is attained, if 28 mg. globin or more are added to 1 mg. hemin 


*) Band of the ferricompound in pyridine-chloroform. The hernochromogen reaction is indistinct. 
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at ph 7.0, corresponding to a ratio of 1.1 equivalents of globin 
to 1 mol of homin. 

When the “methemoglobins” (ferrihemoglobins) are redu- 
ced with cysteine and exposed to oxygen, it is found that 
bloodhemoglobin, rhodohemoglobin, diacetyldeuterohemoglo- 
bin and pheohemoglobin, but not pheophorbid-b-hemoglobin 
are able to bind oxygen reversibly to form “oxyhemoglobins”. 

The absorption bands of the various complexes are listed in 
Table 12. 

It is remarkable that when oxygen attaches itself to 
the first three hemoglobins in Table 12, the broad band of the 
ferrohemoglobin is split up into two sharp bands, while in the 
instance of pheohemoglobin the band of the ferrohemoglobin 
is not split up but only shifted. The position of the absorption 
bands of the CO-complexes will be found in Table 8 (p, 146). 

Following the discovery of various hemins resembling 
more or less that of the respiratory ferment, various workers 
have searched for such pheobeinins (or mixed-colored hemins) 
in mammalian tissues. Negelein 877), working up pigeon 
breast muscle, obtained a crystalline porphyrin of the empi- 
rical formula C^H^N^g. This corresponds to an additional 
CH 2 -group in comparison with spirographis porphyrin. After 
the introduction of iron a compound showing the properties of a mixed-colored hemin 
was obtained. The same compound, termed kryptohemin by Negelein, could also be 
obtained from crude blood hemin in a yield of about 0.2 per cent. The biological sig- 
nificance of kryptohemin has become very questionable since Negelein 878) found that 
it is formed as a by-product in the course of the H CT-fractionation of the blood hemin. 


Fig. 6. Curve representing 
the changes in light absorp- 
tion occurring upon adding 
varying amounts of globin 
to 1 mg. blood hemin dis- 
solved in 200 cc. 0.1 M. 
neutral phosphate buffer. 
Abscissa: mg. globin in 200 
cc. solution; Ordinate: 
Lightabsorption coeffi- 
cient, /?, at 405 m /x. (From 
Warburg and Negelein 
1275)). 


TABLE 12. 

Absorption Bands of Synthetic Ferri-, Ferro-, and Oxyhemoglobins 

(Wakburg and Negelein 1275)). 



Ferri- 

hemoglobin 

Ferro- 

hemoglobin 

Oxyhemoglobin 

Bloodhemoglobin . . 

634 m /x 

545—570 in p 

533—548, 573—583 mp 

Rhodohemoglobin . . 

625 m fi 

540— 560 m p 

533—542, 573—582 m p 

Diacetyldeutero- 
hemoglobin .... 

No band in the 
red 

550— 595 m /i 

548—558, 585—595 m p 

Phoohemoglobin-b . , 

642 m /x (weak) 

585 — 595 m p 

595 — 605 m p 


Shortly afterwards, however, Negelein 879) succeeded in isolating a pheohemin, 
free from protohemin, from horse heart musclo. It shows a strong absorption band at 
587 m /x, i.e. approximately there where the a-band of the respiratory ferment is situated; 
and it is certainly no artefact. More recently, Roche and B£n£vent990,989) obtained 
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a hemin from heart muscle by a slightly different method. The pyridine hemochromogen 
shows absorption bands at 425, 530, and 580 m/x. With alkali this hemin is rearranged 
to the hemin of Negelkin. Roche and B£n£vent are of the opinion that they are dealing 
here with the prosthetic group of cytochrome-a rather than that of the respiratory en- 
zyme. It is also possible that these two catalysts have the same agon. 

Obviously it will be very difficult to prove that any hemin isolated from tissues 
actually represents the prosthetic group of the respiratory ferment and not that of other 
intracellular hemin derivatives, e.g. of cytochrome components. The problem will remain 
open until such a time when the respiratory ferment may be obtained in solution and 
apart from other cell constituents (see p. 264 footnote). 

Catalase: 

For some time there had been indications that iron and particularly porphyrin- 
bound iron is a constituent of the enzyme catalase. Hennichs 475a), working in Euler’s 
laboratory, searched for a correlation between the iron content and the enzymatic 
activity of his preparations. Although the inhibition by HCN pointed to the presence of 
heavy inetal in the enzyme, he was unable to find a quantitative relationship because he 
considered the total iron which amounted to as much as 4 per cent in some of his pre- 
parations. Euler and Josephson 29G) investigated tho degree of sensitivity to HCN 
in relation to the iron content of more highly purified catalase preparations without 
arriving at clear-cut results. Kuhn and his collaborators, especially Brann 142), esta- 
blished tho catalatic activity of blood hemin. Although one hemin molecule is able to 
decompose only 10 “ 2 molecules of H 2 0 2 per second as compared with catalase, one mole- 
cule (or rather one iron atom) of which splits 10 6 H 2 0 2 molecules per second, hemin is 
very active when compared with inorganic ferric iron (10 ~ 6 molecules of H 2 0 2 per second 
per Fe atom). Work along these lines was continued by Euler and his associates, among 
them by Zeile 1370). 

In 1927, Euler and Josephson 296) had obtained a catalase preparation from horse 
liver of the extremely high activity and purity of Kat. f. = 43,000 *) which they preser- 
ved in dry form. In 1930, Euler, Zeile and Hellstrom 323) found that this preparation 
contained 0.6 per cent hemin, as determined spectrophotometrically. Inasmuch as the 
method of purification employed in this instance did not exclude with certainty a con- 
tamination by hemoglobin, Zeile and Hellstrom 1377) developed a method which 
would permit one to obtain highly active liver catalase free from even traces of hemoglo- 
bin. They adapted the chloroform emulsion procedure used by Tsuchihashi 1187) for 
blood catalase for their purpose. 

Horse liver is finely minced and extracted with water. The extract is treated with 
alcohol and the heavy protein precipitate formed is removed. The remaining red 
fluid is shaken with an alcohol-chloroform mixture. At this stage not only colorless 
liver proteins but also all of the hemoglobin is coagulated. Tho enzyme remains almost 
entirely in the supernatant olive green-brown solution. With a pocket spectroscope 
the following spectrum is observed in such preparations: 

I. 650 .. . 646—620 610 II. 550—530 520 .. . 510—490 

629 m fju 540 m fi 500 m /x 

This spectrum resembled that of methemoglobin, while the spectrum of alkaline hematin 
has bands shifted approximately 10 m/a towards the blue region when compared with the 
spectrum of the liver pigment. A further increase in purity is accomplished by adsorbing 

k monomolecular 

) Kat.f. — ^ ]3 nZ y me j n 5Q oc# Reaction Mixture 



CATALASE 


178 


the pigment on calcium phosphate or on aluminium hydroxide gel and by subsequent 
elutriation by 1% Na 2 HP0 4 . The iron in this hemin compound is in a stabilized 
trivalent state: strong roducing agents like Na 2 S 2 0 4 are without an effect. By adding 
alkali as well as pyridine and hyposulfite a typical hemochromogen spoctrum is formed 
which is indistinguishable from that of protohemochromogen. Treatment with glacial 
acetic acid and hydrazine yields the spectrum of protoporphyrin. The proof that this 
pigment, which obviously contains a heme either identical with or closely similar to 
blood hemin (protoheme IX), is the enzyme catalase itself and not an impurity consists 
in the fact that the ratio of the enzymatic activity, k, to the content in porphyrin-bound 
iron, Fe P , romains constant for a given liver extract upon fractional adsorption on various 
adsorbents and aging. For one horse liver preparation the k/Fe P -ratio was found equal 
to 2500 (Zeile and Hellstrom 1377)) and for another it was 3200 (Zeile 1371)). Still 
other values of k/Fe P were found for catalase preparations obtained from plant sources, 
e.g. cucumber seedlings. These discrepancies still remain to be explained. They may be 
due to slight differences in the protein bearer of the enzyme. 

Additional evidence for the hemin nature of the active group of catalase was fur- 
nished by Zeile and Hellstrom 1377) through a study of the reaction of the enzyme 
with HCN. Upon adding an equimolecular amount of HCN to a concentrated catalase 
solution a compound with two absorption bands, at 584 and 557 m //., is formed. The 
fact that dilution or aeration will partly or even completely restore the spectrum of the 
free enzymo is proof for the reversibility of the phenomenon. The values obtained for 
the dissociation constant of the HCN -complex by approximate spectroscopic measure- 
ments and by accurate activity determinations agree w ell with each other (K = 8.6 *10 ~ 7 ). 

The enzyme will form a similar reversible complex with H 2 S which is known to be a 
strong inhibitor of catalase. Tho bands of the ll 2 S-catalase complex are at 640 and 580 
in fj, with a shadow reaching to 540 m 

Finally, the observation of Zeile 1371) that catalatically active solutions prepared 
from germinated cucumber seeds exhibit an absorption spectrum identical with that 
seen in liver extracts and that this pigment forms a HCN-complex with properties ana- 
logous to thoso of the liver pigment, justifies the conclusion drawn by Zeile that catalase 
is a hemin containing enzyme. Although the evidence produced by this author pointed 
to a close relationship or even identity of the catalase hemin with ordinary blood 
hemin, the experience that isomeric hemins possess an identical absorption spectrum 
called for direct chemical proof concerning the structure of the prosthetic group of cata- 
lase. Such a proof has been furnished (Stern 1081a, 1084)). 

Enzyme preparations obtained by the method of Zeile and Hellstrom are usually 
too dilute to servo directly for the isolation of the catalase homin. The enzyme may be 
greatly concentrated without an appreciable gain in purity by the use of acetone and 
C0 2 at low temperature. This procedure represents one step in the preparation of the yel- 
low enzymo from brewer’s yeast (Warburg and Christian 1241)). Concentrates were 
thus obtained which had an activity, k, equal to 26,000. They will show the enzyme 
spectrum in layers of 1 mm. thickness. The catalase concentrates were subjected to clea- 
vage by acid-acetone. Upon concentrating the solution after removing tho denatured 
colorless protein, crude hemin crystals were obtained. 50 pounds of horse liver yielded 
approximately 40 mg. crude hemin crystals. Recrystallization from propionic acid-HCl 
gave 9 mg. pure hemin. In order to determine the configuration of the side chains in the 
catalase porphyrin, the hemin was deprived of its iron by treatment with Hl-glacial 
acetic acid. The porphyrin thus formed was extracted with ether and fractionated with 
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HC1. The mesoporphyrin fraction was esterified with HCl-methanol and the resulting 
dimethyl ester was isolated and purified by recrystallization from pyridine-methanol 
(yield 1 mg.). The spectrum of the isolated mesoporphyrin was found to be identical with 
that of an authentic sample of pure mesoporphyrin IX. The same was true for the spec- 
trum of the dimethyl ester when it was compared with that of pure synthetic mesopor- 
phyrin IX dimethyl ester prepared by H. Fischer. Ultimate proof of identity of the 
mesoporphyrin dimethyl ester obtained from catalase hemin with the synthetic Fischer 
ester was afforded by the fact that the melting point and the mixed melting point of those 
samples w r ere the same. The mesoporphyrin esters aro especially suitod for this purpose, 
because they have well-defined melting points which differ in the case of isomers and 
which will show appreciable depressions when mixtures of isomers are tested. This is 
proof that the catalase hemin is a derivative of etioporphyrin III and that the side chains 
of the mesoporphyrin aro arranged in the pattern IX just as in blood hemin. There still 
remained to establish the identity of the catalase hemin with protohemin, sinco hemato- 
hemin and mosohemin will yield the same mesoporphyrin as protohemin. This was done 
by combining the enzyme hemin with native globin and by comparing the methomo- 
globin and the derived hemoglobin and oxyhemoglobin with the corresponding pig- 
ments prepared from crystalline horse blood hemin and the same native globin. The 
position of the bands of those pigments was identical. It should bo mentioned, however, 
that the reduced hemoglobin obtained from the enzyme hemin showed a somewhat 
better defined absorption band than the blood hemin control. Taken all together, the 
conclusion appears justified that the prosthetic group of catalase is identical with that 
of the respiratory protein hemoglobin. Inasmuch as tho iron of catalase exists in the ferric 
state, the enzyme should more appropriately be compared with methemoglobin 
rather than with reduced or oxyhemoglobin. 

Less is known about the protein moiety of catalase. That it cannot be identical 
with globin is apparent from the very low catalytic activity of methemoglobin. Tho 
protein is much more stable than globin, at least in the combined state: chloroform treat- 
ment which will rapidly denature hemoglobin leaves the catalase protein intact. Several 
physical-chemical constants of catalase which aro largely due to the protein component 
have been determined. The isoelectric point was found at ph5.58 (Stern 1072)) in 
good agreement with earlier measurements by Michaelis and Pechstein 817) . The mole- 
cular weight has recently been determined with the aid of the analytical ultracontri- 
fuge. The sedimentation constant (S 20 °) ofhorse liver catalase was found to be ll*10- 13 cm.- 
sec.- 1 -dynes- 1 (Stern and Wyckoff 1098,1099)). Tho sedimentation constant of purified 
beef liver catalaso was determined as 1*21“ 13 . Sumner and Gral£n 1108, 1109), in 
Svedberg’s laboratory, found a sedimentation constant of 11.3 X 10- 13 between ph 6.3 
and 9.6. The determination of the diffusion constant (D = 4.1-10" 7 ) and of the partial 
specific volume (v p = 0.73) permitted the calculation of the molecular weight. The 
value obtained was 248,000. From the iron content of pure catalase it follows that one 
molecule of the enzyme, just as tho four times smaller molecule of hemoglobin, must 
contain four heme groupings *). 

The isolation of the prosthetic group of catalase in crystalline state (724)) 
has lately been followed by the preparation of the enzyme itself in this form. Sumner and 
Dounce 1107b), by a method involving fractional precipitation with dioxane and salting- 

*) Earlier experiments with Anson and Northrop’s diffusion method had indicated a mole- 
cular weight of catalase of the same order of magnitude as that of hemoglobin (Stern 1076)). This 
conclusion must be revised in the light of the results obtained with the ultraceutrifuge. 
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out with ammonium sulfate, obtained crystals from beef liver showing high catalatic acti- 
vity. Eight rocrystallizations from phosphate buffer with the aid of ammonium sulfate 
gave a product of Kat.f. =25,000 to 26,000. The appearance of the crystals is either that of 
fine needles or of thin plates. Prisms were also obtained. It should be noted that the spe- 
cific activity of the crystals is somewhat lower than of some highly purified, amorphous, 
enzyme preparations previously obtained (e.g. by Euler and Josephson 296)). The 
iron content of the crystals varied from 0.15 to 0.06 per cent, depending on the way in 
which they were prepared and the number of recrystallizations. The isoelectric point 
of the crystalline material as determined by the Northrop-Kunitz apparatus after 
adsorption on quartz particles as well as the point of minimum solubility were found at 
ph 5.7. Solutions of the crystals showed absorption bands at 627 and 536 m p. 

The air-driven quantity ultracentrifuge as developed by Beams, Bauer and Pickels 
and by Wyckoff, has been found useful in thepurification of catalase(SrERN and 
Wyckoff 1099)). Using chemically purified horse liver catalase of an activity, k, varying 
from 2100 to 6,500, and of a purity, Kat. f., varying from 4,000 to 8,980, as the starting 
material, bottom fractions of an activity as high as k = 161,500 and of a purity as high 
as Kat.f. = 33,400 were obtained. The hemin content, of the best preparation was 900 
mg. per liter or approximately 1 per cont of total dry weight. The molecular sedimentation 
not only permitted the concentration of the onzyme to this extent, but it also brought 
about separation from a much heavier red pigment (Sedimentation constant, s 2J ° = 
65 • 10 ~ 13 ) with a molecular weight probably of the order of 8 to 4 millions. The best 
fraction obtained with the ultracentrifuge was not only homogeneous when examined 
with the analytical ultracentrifuge, but also when subjected to electrophoresis in the ap- 
paratus of Tiselius where the boundaries of the colloids are made visible by Toepler’s 
„Schlieren”-method (K. G. Stern, unpublished). Catalase purified in this manner may 
therefore be designated as homogeneous as judgod by two independent criteria, viz. 
sedimentation in a gravitational fiold and migration in an electric field. 

By a method involving ammonium sulfate fractionation Agner 14a) has recently 
obtained catalase preparations of a Kat.f. of 55,000. This is far in excess of the activity 
of Sumner’s crystalline beef liver catalase fractions, another illustration of the fact that 
crystalline form, even after repeated ‘ 'recrystallisations”, is not a guarantee for the purity 
of a protein. 

At about 0.4 saturation with ammonium sulfate, according to Agner, an iron- 
containing compound is precipitated. From the properties mentioned by Agner it 
appears that this substance is identical with the macromolecular red pigment separated 
from catalase previously by Stern and Wyckoff 1099) by differential ultracentri- 
fugation. In addition, Agner finds a low-molecular copper protein in catalase preparations 
which may be removed by differential precipitation with picric acid. He advances the 
tentative hypothesis that this copper protein might be indispensable for the activity 
of the enzyme inasmuch as it may catalyze the reoxidation of the ferrous form of catalase 
by molecular oxygen as postulated by the scheme of Keilin and Hartree 519). The 
observation of the latter workers, however,, that tho CO-inhibition of catalase may some- 
times be relieved by illumination (see also Califano 159)) appears to militate against 
Agner’s hypothesis since it is generally assumed that the CO complexes of Cu compounds 
are not dissociated by light. If it were true that both iron and copper participate in 
catalase action, than the CO-inhibition could only be relieved by light if both types of 
CO-complexes were subject to photodissociation. 

One of the important points concerning the constitution of catalase is the question 
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whether protoferriheme IX and the protein moiety are the only components of the enzyme 
whether it contains a second prosthetic group, namely, verdohemochromogen 
(see also p. 150). During the acid-acetone cleavage of concentrated catalase preparations 
a blue-green pigment had been obtained in addition to the catalase hemin (Stern 1084)) 
which at that time was identified by R. Lemberg as biliverdin. Later on, Lemberg and 
Wyndham 711b) showed that the biliverdin did not exist as such in the purified liver 
extracts but was formed from a precursor by the treatment with HCl-acetone. The 
precursor was identified as verdohemochromogen which was possibly present in com- 
bination with a protein. Sumner and Dounce 1107b) state that even their oight times 
recrystallized beef liver catalase preparations contain or give rise to the formation of 
the blue pigment. It may be added that also highly concentrated and purified horse liver 
catalase solutions prepared by the quantity ultracentrifuge have been found to contain 
the precursor of the biliverdin (I\. G. Stern, Unpublished observations). Obviously, 
if the precursor of the biliverdin is not a constituent of the enzyme itself, it must share 
certain physical-chemical properties with the enzyme, e.g. solubility, adsorbability, 
molecular size, which enable it to follow the enzyme even into extensively purified 
fractions. Under these circumstances it would appear that decisive proof for or against 
the presence of the bile pigment in the enzyme molecule could best be furnished by 
synthesis rather than by analysis of catalase. If catalase were built in a manner strictly 
analogous to methemoglobin it should be possible to resynthesize the enzyme from the 
carefully purified protein carrier and the homin residue obtained by reversible dissocia- 
tion and, still more conclusive, from the natural protein bearer and natural or synthetic 
protoferriheme IX (blood hemin). Now it has actually been claimed by K. Agner 14) 
that it is possible to dissociate catalase by dialysis against HC1 in a manner analogous to 
the procedure employed in the reversible dissociation of the yellow enzyme by Theorell 
1154) and that the non-dialyzable, colorless, colloidal component (protein) and the 
dialyzable colored group (hemin) may be recombined with a restoration of the catalatic 
activity. If this were so, it would only be necessary to substitute pure crystalline proto- 
heme for the original colored group in order to solve the problem outlinod above. Unfor- 
tunately, Agner has not yet published a more detailed account of his experiments. 
Attempts to reproduce his results in other laboratories have failed (Tauber and Kleiner 
1145); K. G. Stern, Unpublished). The main difficulty appears to bo the pronounced 
lability of the bearer protein once the link to the prosthetic group has been ruptured. 
Agner does not mention the original activity of his enzyme preparation but only the 
activity of the “resynthesized” product. A comparison of the activity of the latter with 
that of Jiver preparations obtained by methods identical with that used by Agner 
indicates that the extent of the reactivation which he achieved was probably less than 1 
per cent of the original activity. 

Mechanism of Catalase Action: If monoethyl hydrogen peroxide is added to 
a highly active solution of liver catalase, the absorption band of the free enzyme at 622 m \i 
disappears. Instead, a new absorption band at 570 m /x appears. At a rate corresponding 
to that of the decomposition of the substrate by the enzyme, the new band fades and 
the original band of the free enzyme reappears. The cyclo may again be released by 
adding fresh substrate (Stern 1082)). The unstable compound responsible for the new 
absorption band has the properties postulated by the classical theory of Henri and 
Michaelis for an intermediary enzyme-substrate compound. The spectroscopic cycle 
has been recorded by a spectrograph. The microphotometry of the plates thus obtained 
shows that a fraction of the enzyme is not regenerated after completion of the reaction, 
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but is destroyed in a side reaction (Stern 1087)). A large excess of substrate, of the order 
of 10 5 molecules per enzyme molocule, is required for the complete transformation of the 
spectrum of the uncombined enzyme into that of the enzyme-substrate complex. This 
ratio does not imply that 1 molecule of the intermediate consists of 1 catalase and 10 5 pero- 
xide molecules. It simply moans that an excess of substrate of this order is required to 
shift the equilibrium in the reaction 

Enzyme + Substrate Enzyme-Substrate Compound 
entirely to the right (Stern 1085)). No such intermediate is observed if hydrogen peroxide 
is used instead of ethyl hydrogon peroxide. Attempts have been made to measure the 
rate of combination between the enzyme and the alkyl hydrogon peroxide by spectros 
copic, spoctrographic and photoelectric methods (Stern 1085); Stern and Dubois 
1091, 1090)). Inasmuch as it is felt that the values obtained so far may be subject to 
some revision upon further experimentation, they are not included in this discussion. 
In any event, it has been demonstrated by these experiments that the rate of formation 
of tho enzyme-substrate intermediate is rapid compared with the rate of the over-all 
reaction. It may be that the rate of decomposition of tho intermediate is the rate- 
determining step in the chain of individual reactions composing the total process. The 
observation that the data obtained by kinotic studies of the ovor-all reaction fit the 
equation for a monomolecular reaction seems to support this tentative conclusion. The 
cause of tho instability of the enzyme-substrate compound is not known. Tho iron 
of the enzyme persists in the trivalent state when combined with the substrate (1085)). 
The constitution of the complex is very probably analogous to that proposed by Hauro- 
witz 467) for the mothemoglobin-H 2 0 2 compound which was discovered 38 years ago 
by Kobert 584). A corresponding complex between methemoglobin and ethyl hydrogen 
peroxide (C 2 H 5 OOH) has only recently been described (Keilin and Hartree 645); 
Stern 1082)). Pyridine ferrihemochromogen is also capable of combination with H 2 0 2 
(Haurowitz 468, 469)). Keilin and Hartree 548) confirmed the observation of the 
catalase-C 2 H 6 OOH complex and state that the enzyme will form a similar complex 
with H 2 0 2 in tho presence of certain inhibitors, like sodium uzide and hydroxylamine. 
They are of the opinion that in the latter complex the enzyme iron exists in the bivalent 
state. More recently, these workers 549) have reported that while hydrogon peroxide 
is a specific reductant of catalase, molecular oxygen is required for the reoxidation to 
the active ferric form. Rapid removal of oxygen from the system will cause a strong 
inhibition of the reaction with the substrate. Keilin and Hartree propose the following 
scheme for the reaction between catalase and hydrogen peroxide: 

4 Fe- + 2 H 2 0 2 = 4 Fe" + 4 H- + 2 0 2 
4 Fo** -f* H* -f- 0 2 = 4 Fe*" 2 H 2 0 


2 H 2 0 2 = 2 II 2 0 + 0 2 

While this schema has a certain degreo of probability, final proof for its validity has not 
yet been offered. In particular it seems to be difficult to understand why such a strong 
oxidant like H 2 0 2 should be unable to react with the ferrous form of the enzyme. On the 
other hand the protein bearer seems to affect the reactivity of the heme grouping in 
such a drastic manner, as evidenced by the resistance of the enzyme towards reducing 
agents, that it is possible that tho same is true for its behaviour towards oxidizing 
reagents. 

From almost every point of view the problem of the nature of the protein bearer 

Oppanheimer-Stern, Biological Oxidation. 12 
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and of tho link between the protein and the prosthetic heme group has attained a pivotal 
position. It is the protein which determines the catalytic specificity and the quantitative 
activity of the enzyme complex; and it is also the protein which modifies profoundly the 
general chemical reactivity of the molecule. Further progress in enzyme chemistry is 
largely bound up with the progress in our knowledge of protein structure in general and of 
the enzymatic bearer proteins in particular. 

The ultraviolet absorption band observed with chemically purified liver catalase 
preparations (Stern 1074)) is due to the enzyme itself and not to an impurity: homo- 
geneous enzyme preparations obtained by ultracentrifugation exhibit a strong band 
at 275 m /a (Stern and Lavin 1096)). This band, as in all hemin proteins, is due to the 
protein moiety. The fine structure of this band indicates the presence of tryptophane, 
tyrosine and phenylalanine in the molecule. 

Peroxidase: 

Willstatter, in the course of his work on horseradish peroxidase, observed that 
the iron content of the preparations would at first increase (1336b)) and later on de- 
crease (1336)) upon progressive purification. This finding led him to conclude that iron 
was not a constituent of peroxidase. However, he considered the possibility that the 
enzyme may exert its function in a reaction system containing iron. 

This work was continued several years later by Kuhn, Hand and Florkin 649). 
Instead of determining tho total iron content of their peroxidase preparations, these 
workers estimated the hematin content by a spectroscopic mothod after conversion into 
pyridine hemochromogen. They came to the conclusion that there exists parallelism be- 
tween the very low hematin concentration and the enzymatic activity, expressed as 
“purpurogallol number” (P.Z.) of horseradish peroxidase solutions. Upon measurement 
with a photoelectric spectrophotometer a steep absorption band at about 420 m/x, 
but no long-wave bands were found in the enzyme solution. In view of the formation of 
pyridine protohemochromogen from peroxidase preparations, Kuhn and his associates 
concluded that the enzyme contains protoheme in combination with a nitrogeneous 
pheron. Its constitution would then be analogous to that of catalase. 

The results obtained by Kuhn were re-examined by Elliott and Keilin 247). 
While at first a marked parallelism was found between hematin content and enzymatic 
activity, this relationship broke down in more highly purified products. Furthermore, 
the amount of hematin-iron present in these preparations of modium activity was much 
higher than the hematin or even tho total iron concentration found by other workers 
in highly active preparations. The situation at this stage of research is perhaps best 
illustrated by the diagram (Fig. 7), taken from Elliott and Keilin’s paper. 

Elliott and Keilin point out that the figures given by Kuhn, Hand and Florkin 
for the activity of their peroxidase solutions, expressed in P Z., appear too high when 
compared with tho hematin content of their solutions. While, for example, a peroxidase 
preparation of Elliott and Keilin of P.Z. = 818 contained 1.05 per cent hematin, Kuhn 
et al. found only about 0.105 per cent hematin in a product of P.Z. = 3400. Elliott and 
Sutter 248) had already noted that the quantities of enzyme mentioned by Kuhn et al. 
as taken for their activity determination were ten times too great. Upon dissolving a 
purified peroxidase preparation in water, Elliott and Keilin obtained a distinctly 
brown solution exhibiting a strong absorption band at 642 m jj, and two other bands at 
550 m (x and at 500 m fi which were partly masked by a general absorption, due probably 
to another, yellow pigment present in the preparation. Upon reduction a hemochromogen 
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spectrum with a strong band at 555 m /x was observed. In the presence of more alkali 
another band at 526 m /x may be detected. The heme present in this compound may 
readily be transformed into pyridine hemochromogen. Furthermore, Teichmann’s 
hemin crystals could easily be obtained from different enzyme preparations. The authors 
expressed the belief that the compound responsible for the original absorption spectrum 
in peroxidase solutions is free acid hematin. Upon reinvestigating the question in 1937, 
Keilin and Mann 661), while confirming the break in proportionality between the en- 
zyme activity and the concentration of total hematin iron observed by Elliott and 
Keilin in the course of the purification of the enzyme, arrive at the conclusion that, 


nevertheless, the active group of 
peroxidase is a hematin com- 
pound. 

For the purification of the en- 
zyme, the method of Elliott 243) 
was employed. Non-cultivated hor- 
seradish is finely minced and extrac- 
ted with water. The pulp, when trea- 
ted in a hydraulic press, yields a cru- 
de brownish extract (P.Z. = 0.65). 
The extract is saturated with ammo- 
nium sulfate and the greyish pre- 
cipitate is filtered off. It is suspen- 
ded in water and dialyzed through 
cellophane first against running tap 
water and then against distilled 
water. Upon adding two volumes 
of 90 per cent alcohol a precipitate 
of low peroxidase activity (P.Z. = 
14 to 26) is formed. This is removed 
in the centrifuge. The addition of 
0.7 vol. absolute alcohol yields a 
small amount of a highly active 
precipitate (P.Z. = 112 to 300). This 
fraction could be further purified 
in various ways, e.g. by alcohol pre- 
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Fig. 7. Diagram showing the amounts of hematin-iron 
or of total iron p*r unit of peroxidase activity, in prepa- 
rations of varying concentration. The total iron figures 
of Willstatter and Pollinger are scattered within 
the triangular area indicated in the diagram. (From 
Elliott and Keilin 247)). 


cipitation, adsorption of impurities 

on tricalcium phosphate gel, or by adsorption of the enzyme on alumina A of Will- 
statter and precipitation by tannic acid. After concentrating the oluate at room 
temperature a preparation with a P.Z. of 1500 was obtained. 

When examined with a Hartridge reversion spectroscope four absorption bands 


at 645, 583, 548, and 498 m p, aro found in all of theso preparations. While the fourth 
band has probably the highest extinction, the first band in the red region which is not 
masked by other pigments is the most conspicuous absorption band and may readily 
be detected in preparations of comparatively low activity and even in the horseradish 
root itself. The band at 583 m u is very weak and hardly detectable in preparations of 


low activity. This spectrum which was previously ascribed by Elliott and Keilin to 
acid hematin is actually that of the enzyme peroxidase which contains hematin in com- 
bination with a protein. Although we are probably dealing here with protoheme IX, i.e. 



180 


PEROXIDASE 


with blood hemin, chemical evidence of the type procured for the heme of catalase 
is still lacking. The iron in the active enzyme is in the trivalent state. The spectrum of 
peroxidase resembles closely that of methemoglobin and of catalase. In contrast to the 
latter, peroxidase may readily be reduced to the ferrous form by sodium hyposulfite 
(Na^OJ. Reduced peroxidase shows two bands; a narrow and weak band at 594.5 m ft 
and a very strong and broad band at 558 m ft. On oxidation the bright red ferrous form 
reverts to the brownish red ferric form. 

The ferrous but not the ferric form of peroxidase combines reversibly with CO. The 
two bands of the ferrous form are thereby shifted to 578 and 545.5 m ft. KCN which in 
0.001 M. concentration inhibits the activity of the enzyme forms a spectroscopically 
well-defined complex with the active ferric form. The red solution shows a strong and 
wide absorption band at 542 m ft and a weak and narrow band at 581.5 m ft with a shadow 
connecting the two bands. In general appearance the spectrum of the KCN-peroxidase 
complex resembles somewhat that of cyanide methemogoblin. The addition of sodium 
fluoride to a slightly acid peroxidase solution causes a color change from brownish red 
to green. This is due to a shift of the four absorption bands of the free enzyme to 615, 
561, 529.5 and 496 mft. 

The change in tho position and intensity of the first band is clearly visible in slices 
of horseradish root treated with NaP. The fluoride compound may be used for the spec- 
tral-colorimetrical estimation of the enzyme in situ. The inhibition of peroxidase amounts 
only to 50 per cent by 0.001 M. fluoride and to 25 per cent by 0.003 fluoride. When NO 
is added to peroxidase in an atmosphere of pure nitrogen, the four-banded spectrum of 
the free enzyme is replaced by two strong bands at 570.5 and 539.5 m ft. H 2 S will combine 
with the enzyme to form a complex with maxima at 587.5 m ft (weak) and 549.5 m ft 
(strong). Interesting phenomena were observed by Keilin and Mann 551) when hydrogen 
peroxide was added to strong peroxidase solutions. The color of the enzyme solution turns 
red and the enzyme spectrum is replaced by two bands which are situated at 561 and 

530.5 m ft. The peroxidase-H 2 0 2 complex is unstable and breaks down more or less 
rapidly to yield the free enzyme. Now it is generally assumed that peroxidase is capable 
of decomposing hydrogen peroxide only in the presence of a suitable donator like leuco- 
malachitegreen or pyrogallol. The authors assume, therefore, that the lability of the 
enzyme-peroxide complex is due to the prosence of a substance in the enzyme prepara- 
tion which reacts with the H 2 0 2 which is activated by the enzyme. They find that one 
molecule of the peroxide is required to form the enzyme-substrate compound showing 
the two absorption bands mentioned above. On further addition of H20 2 to a solution 
containing this complex the bands at 561 and 530.5 m ft become diffuse and a new band 
begins to appear at 583 m ft. When the excess of H 2 0 2 reaches a concentration of from 
15 to 25 molecules per gram atom of iron contained in peroxidase the two bands of the 
original enzyme-H 2 0 2 complex are replaced by two very strong bands located at 583 and 

545.5 m ft. A maximum of intensity is reached at a ratio of about 100 molecules of sub- 
strate to 1 Fe atom of the enzyme. The color of this enzyme-substrate complex of higher 
order is deeper red than that of the equimolecular compound. The suffers rapid 
decomposition into water and molecular oxygen. Owing to the rapid break-down of 
the higher-order complex the authors were unable to ascertain the number of H 2 O 2 
molecules required for its formation. A true peroxidatic reaction may be initiated by 
adding suitable donators like hydroquinone, pyrogallol, or ascorbic acid. A number of 
spectroscopic tests warrant the conclusion that in both compounds with H 2 0 8 the iron 
of the enzyme remains in the trivalent state. 
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While it is true that break in proportionality occurs between the hematin content of 
peroxidase preparations (estimated as pyridine heraochromogen) and their enzymatic 
activity at certain levels of enzymatic activity and also depending on the method of 
purification, there exists a strict proportionality botween the catalytic activity and the 
concentration of the intact pigment as measured by the relative intensities of the ab- 
sorption band at 645 m /z. This holds for preparations covering the wide range between 
P.Z. = 10 to 1500. The same is true for the intensity of the long-wave band of the fluoride- 
peroxidase complex. These findings suggest strongly that, while the absorption band at 
645 m /z is solely due to the enzyme, there are other hematin compounds present in the 
preparations which will yield pyridine hemochromogen. In other words, the peroxidase 
hematin represents only a portion of the total hematin compounds in the enzyme solutions 
which are estimated as pyridine hemochromogen. It has not been possible as yet to 
determine the concentration of active peroxidase hematin in terms of hemin or of iron 
even in the most active and highly purified enzyme preparations. The reason for this is 
that it is not known yet whether the peroxidase hematin is the only hematin compound 
present even in preparations of P.Z. = 1500. 

In conclusion it may be added that Sumner and Howell 1110) have found an ab- 
sorption band at 630 to 640 m /z in purified peroxidase preparations from fig sap. The 
hematin content of their preparation of P.Z. = 700 was found to be slightly higher than 1 
per cent in agreement with the findings of Elliott and Keilin in the case of horseradish 
peroxidase. 

While it appears that the prosthetic group of peroxidase is identical with proto- 
ferriheme IX (blood hemin), nothing is known about the protein component. Work on the 
protein will have to await the preparation of homogeneous peroxidase. 

Appendix: Copper Proteins (Orthophenol Oxidase): 

This enzyme is built in a manner quite different from the hemin-containing enzymes 
just discussed. The only common feature is that there is also a heavy inetal in the mole- 
cule. However, the metal is copper instead of iron. Although the structure of orthophenol 
oxidase is as yet unknown, the advances which have of late been achieved in this field 
would seem to warrant a discussion at this time. 

Potatoes, mushrooms, and other plant material contain a soluble oxidase. This en- 
zyme which has been called phenol oxidase, polyphenol oxidase, laccase, or catechol 
oxidase, is able to catalyze the oxidation of phenolic compounds like pyroeatechol by 
molecular oxygen *). The first reaction product in the case of pyroeatechol is ortho- 
quinone which may bo either reduced back to pyroeatechol in the presence of suitable 
reducing systems, e.g. ascorbic acid or dihydropyridine nucleotides, or which may 
be further oxidized by the same enzyme. 

Kubowitz 613), working in Warburg’s laboratory, has succeeded in purifying 
orthophenol oxidase from potatoes to a large extent. The procedure employed in the 
purification consists essentially in alternating acetone and ammonium sulfate fractiona- 
tions, removal of inert proteins by heat denaturation at ph 7.4 and 9.7 and by precipita- 
tion with silver acetate, dialysis, and a final acetone fractionation. 

The purest enzyme preparation was weakly yellow. The solution is relatively stable 
at 0° (ph 7), and still more stablo in half saturated ammonium sulfate solution. Kubowitz 
states that the enzyme is a copper-protein compound. The metal cannot be separated 

*) The earlier literature is reviewed in Oppbnheimer 902). 
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from the rest of the molecule by dialysis; but it is removed by the action of acids. The 
copper content in various preparations is strictly proportional to the activity, as eviden- 

Mol. Oxygen transferred 

cod by the linear relationship illustrated in Fig. 8. The ratio Mol ; Copper " ~ x Minutes 

is found to equal 880 under the conditions of the test devised by Kubowitz for the deter- 
mination of the enzymatic activity. 

The copper content of the enzyme preparation showing the greatest specific activity 
was 0.165 per cent. By comparing the oxidase with hemocyanin the Cu content of which 



is given in the literature as maximal 0.84 per cent, Kubowitz estimated the degree of 
purity of his best enzyme preparation to be about 50 per cent. The isoelectric point, as 
determined by electrophoresis, was found near ph = 5.4. The nitrogen content of the 

purest preparation was about 15 per 
cent. 

Keilin and Mann 552) were 
able to obtain the same enzyme in 
a perhaps even higher degree of 
purity from cultivated mushrooms 
{Agaricus or Psalliota campcstris). 
The general procedure involved 
the following steps: fine mincing, 
pressing out in a hydraulic press 
after grinding wdth sand and adding 
water, precipitation with ammonium 
sulfate, dialysis, fractional precipita- 
tion with lead acetate, adsorption on 
tricalcium phosphate, followed by 
fractional precipitation with acetone 
in prosence of lead acetate, another 
adsorption on tricalcium phosphate 
and a final fractional precipitation 
with acetone. The activity of the 
various fractions was determined manometrically, from the rate of oxygen uptake by 
catechol, and colorimetrically, from the amount of purpurogallin formed from pyro- 
gallol under specified conditions. The purest enzyme preparation was free from hematin. 
Confirming Kubowitz* discovery it was found that the oxidase is a copper-protein 
complex. In the range of loss pure preparations of low activity there exists no propor- 
tionality. This is due to tho presence of extraneous copper. A similar observation with 
respect to the presence of iron in peroxidase preparations had previously been made by 
Willstatter and Pollinger 1336). Only when the copper content reaches the low 
and constant value of about 8.2 — 8.5 y per Enzyme Unit does the Cu content become 
strictly proportional to the enzyme activity. The purest enzyme preparation obtained 
by Keilin and Mann had a Purpurogallin Number of 940 and a copper content of 
0.30 per cent. Inasmuch as this is higher than the copper content of crystalline hemo- 
cyanin (0.173 to 0.26 per cent (Hernler and Philippi)), the authors are inclined 
to consider their best preparation as the pure enzyme. 1 y of Cu contained in the 
enzyme molecule is able to transfer to catechol, at 20° in 1 min., about 6,000 cmm. 0 2 . 
9.6 mg. of this enzyme preparation were obtained from 15 kg mushrooms. While the 
crude extract of mushrooms would readily attack compounds like catechol, pyrogallol 


spezif/sche Wtrksam keif W des Ferments 

Fig. 8. Specific activity and copper content of potato 
polyphenol oxidase. (From Kubowitz 618)). Abscissa, 
Specific activity; Ordinate, Copper content in %. 
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and p-cresol, the enzyme lost the property of oxidizing monophenols upon purification. 
Both Kubowitz and Keilin find that the enzyme is inhibited by HCN, H 2 S and CO. 
In an atmosphere containing 90 vol. per cent CO and 10 vol. per cent 0 2 , the rate of 
oxidation of pyrocatechol is only one half that observed in 90 vol. per cent argon and 10 
vol. per cent 0 2 . Other substances known to form stable complexes with copper, like 
salicylaldoxime or diethyldithiocarbamate, also inactivate the enzyme (Kubowitz 613)). 

Kubowitz 614, 615) reports further interesting results obtained with the potato 
phonol oxidase. Upon adding HCN to a solution of the enzyme inactivation results and 
copper diffuses out through a dialyzing membrane. The addition of copper in inorganic 
form to the non-dialyzable residue restores the activity. From this experiment Kubowitz 
concludes that Cu in ionized form represents at the same time the prosthetic and the 
active group of the enzyme. It appears however that his results may be capable of a 
somewhat different interpretation. This is particularly true in view of the fact that 
Kubowitz obtained an analogous result with hemocyanin from Octopus. Now it is 
known from the work of Conant et al. 178) that the prosthetic group of hemocyanin 
consists of copper in complex linkage with a sulfur containing polypeptide. If it is assu- 
med, as a working hypothesis, that the metal is linked up with the rest of molecule 
through dithiolinkages ( — S — S — ) *), one would expect the metal to be detached from 
tho large complex by the action of HCN which is known to reduce dithio to sulfhydryl 
groups. A small molecular and consequently diffusible Cu-SH-complex would thus 
bo formed. An addition of copper salt to the remainder of the enzyme molecule may then 
serve to reoxidize its SH-groups to S — S-groups, a reaction known to be catalyzed by 
copper salts, and at the same time provide for a replacement of the copper lost through 
the dialysis. A difficulty here is that Cu ordinarily will form complexes more readily with 
SH- than with S-S-compounds. Whatever the true explanation may be, it is folt that the 
observations of Kubowitz, at the present time, do not seem to prove conclusively his 
contention that Cu ions are the prosthetic group of phenol oxidase. 

Kubowitz was furthermore able to show that the metal undergoes a valency 
change in the course of the catalysis. When pyrocatechol is added to phenol oxidase 
under pure CO, one molecule of enzyme will oxidize one molecule of the substrate to 
o-quinone. The univalent Cu thus formed absorbs tho theoretical amount of CO from the 
atmosphere. It may again be released by adding HCN. The lat est preparations of potato 
polyphenol oxidase obtained by Kubowitz by an improved procedure (615)) contain 
0.2 per cent Cu and aro considered to represent the pure enzymo. **) 

2) Vitazymes. 

The term “vitazymes” has been proposed by v. Euler 324) for substances which 
represent vitamines, i.e. essential food factors, and which exert their function in the 
organism by combining with a colloidal bearer (protein) to form an enzyme. Thus far 
two cases of this kind have been uncovered, viz. that of the yellow enzyme the agon 
of which is identical with vitamin B 2 (or vitamin G according to the American nomen- 
clature) and the case of carboxylase (and pyruvic acid oxidase) the prosthetic group or 
coenzyme of which is identical with vitamin B x pyrophosphate. Although a similar 

*) See Th. Bersin 101a). 

**) According to Keilin and Mann (Naturo 143, 23 (1939)) the enzymo La cease is also a 
copper-protein. The very strong oxidation of catechol by tho blood of some invertebrates is an 
„pseudo oxidutic ” action of the hemocyanin itself (Bhagvat and Richter, Biochcm. JI. 82. 
1897, (1938)). 
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function is being suspocted with regard to vitamin C, no convincing proof in support of 
that view has as yet been furnished. Nevertheless, ascorbic acid shall briefly be treated 
in this section, because there is evidence to show its participation in oxidative biological 
processes. At a later time it will probably become necessary to include the pyridine 
nucleotides in this group (see p. 212). 

a. Flavlnphosphorlc Acid and Yellow Enzymes (Flavoproteins) ♦). 

In 1982, Warburg and Christian 1239, 1240) reported the discovery of a new, 
hemin-free, oxygen transferring enzyme in bottom yeast and in tissue extracts. In accor- 
dance with its color the authors designated it briefly as “yellow enzyme”. Although not 
very satisfactory, this term has been retained by Warburg and by many workers up to 
this day. The test system for the activity of tho enzyme consisted of hexose monophos- 
phoric acid (Kobison ester), of a thermostable coferment obtained from red blood cells 
and of an “activating enzyme” or “zwischenferment” prepared either from rod blood 
cells or from Lebedew juice from bottom yeast. Only in presence of the yellow enzyme 
did oxidation of the substrate to phosphohexonic acid and uptake of molecular oxygen 
take place. It could be shown that the enzyme was capable of reversible oxido-reduction; 
and that the reduced leuco form could be readily autoxidized by molecular oxygen (or 
methylene blue). 

The over-all reaction could be subdivided into two steps. In the first step hydrogen 
was transferred from the substrate (after “activation” by the coenzyme-zwischenferment) 
to the yellow enzyme which was reduced to the leuco form. In the second step the active 
form of the yellow enzyme was regenerated by reaction with molecular oxygen. The 
oxygen is not completely reduced to water, but only partially, namely, to hy- 
drogen peroxide. 

Upon warming the enzyme with methanol-water, a yellow, low-molecular pigment 
with an intense green fluorescence was split off (Warburg and Christian 1245)). If this 
pigment "was irradiated in alkaline solution with a tungsten filament lamp, a photo- 
derivative was obtained which was both water and chloroform soluble and which could 
readily be crystallized. Elementary analysis yielded tho empirical formula C 12 H 13 N 4 0 2 . 
After heating with barium hydroxide solution, urea was isolated as the xanthydrol 
complex. Each of these findings proved of great significance for the subsequent elucida- 
tion of the structure of the pigment. 

Warburg and Christian were not the first workers to observe the presence of a 
yellow, green fluorescing pigment as a constituent of biological materials. As a matter 
of fact, BLYTn, in 1879, described a yellow pigment, lactochrome, which he obtained 
from milk and which must have consisted, at least in part, of lactoflavin. Tho study of 
lactochrome was again taken up in 1925 by Bleyer and Kallmann 125). They did not 
succeed in obtaining the pigment in pure form. Early in 1982, Szent-Gyorgyi and 
Banga 1127), in the course of the purification of the coferment of lactic dehydrogenase 
from heart muscle, obtained a yellow pigment which they called cy t of la v. Although they 
ascertained that it was not directly concerned with the dehydrogenation of lactic acid in 
muscle, the fact that it could be reversibly reduced and reoxidized led them to suspect 
that cytoflav plays some r61e in cellular respiration. In the same year it was reported 

*) Review articles have been written by Kuhn, Wagner- Jaurbgg, Theorell, Wbygand, 
Warburg 627, 1207, 628, 680, 1209, 681, 1161, 684). 

See also Oppenheimer’s "Supplement”, p. 1577 — 1585. 
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that a yellow, green fluorescing pigment occurs in purified horse liver extracts and that 
it appeared to be associated with the catalatic activity exhibited by these preparations 
(Stern 1077)). 

Early in 1988, Kuhn, Gyorgy and Wagner-Jauregg 646) and Ellinoer and 
Koschara 239) described "a new class of biological pigments”, designated by the first 
group of workers as flavins and by tho second groups as lyochromes which are ob- 
viously identical with the yellow, green fluorescing pigments previously described. The 
most interesting fact discovered by Kuhn, Gyorgy and Wagner-Jauregg 646, 647) 
was the identity of the flavin, isolated in crystalline form from milk whey (lactoflavin), 
with a component of the vitamin B-complex. It was found capable of promoting growth 
in rats stunted by a flavin-free diet. More specifically, these workers identified lacto- 
flavin with vitamin B 2 (or vitamin G). Later work in other laboratories has shown that 
lactoflavin and lactoflavin phosphate are not only essential for tho rat, but also for the 
dog where a lack of this vitamin eventually leads to tho death of the animals. The essen- 
tial nature of lactoflavin for human nutrition has not yet been conclusively demon- 
strated. 

Riboflavin: In order to proceed from tho simpler to the more complex substances 
wo shall first take up tho chemical structure of free lactoflavin. Following this its re- 
lationship to tho yellow enzyme will be discussed. 

Kuhn et al. 646, 647) obtained crystalline, pure flavins from milk whey as well as 
from egg white (lactoflavin and ovoflavin respectively). Hepatoflavin from liver was 
isolated in crystalline form by several workers (Stern 1077b), Karrer et al. 626a), 
Stare 1064)). Other sources from which flavins were isolated include egg yolk, malt, 
various plants *) . The empirical formula of pure lactoflavin is C^HjoNjOg (Kuhn et al. 
646, 647)). Irradiation in alkaline solution yields a photoderivative identical in every 
respect with that obtained previously by Warburg and Christian 1216). This compound, 
called lumiflavin by Kuhn and photoflavin by Stern, of the composition 
C i2 Hj.,N 4 0 2) differs from lactoflavin by an amount of 0 4 H s O 4 . Kuhn assumed that the latter 
group represents a hydroxyl-containing side chain (carbohydrato?) which during photolysis 
is split off from a cyclic system containing weakly basic, probably tertiary N-atoms 
(Kuhn et al. 669, 666, 660)). Lumiflavin contains an alkali-labile ring the constitution 
of which was exhaustively studied by KunN and his coworkers. For some time, they were 
not able to decide whether lumiflavin is an alloxazine or a quinoxaline derivative. The 
summary formula found for lumiflavin agreed with that, of a trimethylalloxazine pre- 
pared many years ago by Kuhling. Alloxazine is an analogon to phenazine, with the 
difference that one of the two benzene rings is replaced by a pyrimidine ring. Preliminary 
experiments performed by Kuhn and Baer 636) seemed to demonstrate such fundamen- 
tal differences between lumiflavin and alloxazine that Kuhn at that time was ready to 
discard the idea of a relationship between the two compounds. This inclination was en- 
hanced by the discovery 636) t hat 2-t.etrahydroxybutyl-quinoxaline, upon irradiation 
in alkaline solution, yields the chloroform solublo, yellow fluorescing, quinoxaline, 
thereby providing a perfect model for the photolysis of lactoflavin. On the other hand, 
Kuhn and Wagner-Jauregg 676) found that lactoflavin sharos with alloxazine the 
property to yield, upon reduction by zinc, tin or sodium amalgam in dilute HC1, a red 


*) For references the review by Theorell 1161) should be consulted. 
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intermediate on the way to the colorless completely reduced form. The red color was 
attributed to the formation of a somiquinoid monohydro radical of the type studied by 
L. Michaelis. In view of the considerable difficulties encountered by Kuhn and his 
colleagues in their endeavours to determine the structure of lactoflavin and in particular 
that of the photoderivative by analytical and degradation procedures, Stern and Holi- 
day attacked the problem from a synthetic angle. A comparison of Kuhling’s alloxazine 
with photoflavin (lumiflavin) showed that these compounds agree with regard to their 
remarkable stability towards strong acids, their light absorption pattern, and, as Kuhn 
had already found, with regard to the red intermediate upon reduction in acid medium. 
They differ with regard to solubility, alloxazine being insoluble in water as well as 
chloroform, and also to fluorescence: alloxazine does not exhibit a green fluorescence 
comparable to that of photoflavin. Now it occurred to them that phenazine and oxyphe- 
nazino differ from pyocyanine (see p. 228) in a way somewhat comparablo to the difference 
between alloxazine and photoflavin. In both instances the biologically interesting pig- 
ment contains more methyl groups as compared with the mother substance. In pyo- 
cyanine tho methyl group is attached to one of the plienazine-nitrogen atoms; and the 
formal analogy between phenazine and alloxazine suggested as a working hypothesis that 
in photoflavin a methyl group might be attached to one of the nitrogen atoms in the 
central pyrazine ring of alloxazine and thus produce the striking changes in properties 
between the two substances. It was indeed found that methylation of alloxazine under 
conditions where substitution at the central N-atoms would be expected produces an 
orange-yellow, strongly green fluorescent, water and chloroform soluble dye with an 
absorption spectrum closely similar to that of photoflavin both with respect to the pattern 
and the position of the bands (Stern and Holiday 1091, 1095). A series of such N-al- 
kylated alloxazines was synthesized, and for the “natural” photoflavin the structure 
of a xyleno-9-methyl-alloxazine was postulated. The synthesis of three of these 
trimethyl-alloxazines (6, 7, 9-, 7, 8, 9- and 6, 8, 9-trimethyl-alloxazino) was also described. 
A decision as to which of the three compounds is identical with photoflavin was not 
made due to their closely resembling properties. 

In any ovent, these experiments proved that photoflavin and therefore also lacto- 
flavin are derivatives of benzalloxazine and furthermore that one of tho pyrazine nitrogen 
atoms carries a substituent which is an alkyl group in photoflavin and a carbohydrate-like 
chain in lactoflavin. In the course of their synthetic experiments, Stern and Holiday 
1095) prepared a number of alloxazines carrying alkyl groups in the benzene ring, among 
them 6,7-dimethyl alloxazine. Karrer et al. 526, 527, 529) isolated the same compound 
as a product of tho photolysis of lactoflavin in acid and neutral solution and they gave 
it the name lumichrome. This finding left no doubt that photoflavin is 6, 7, 9-trimo- 
thylalloxazine (or 6, 7, 9-trimethylisoalloxazine in the nomenclature proposed by 
Kuhn). 
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Kuhn et al. 666, 681) proved the constitution of lumiflavin by a synthesis, which 
is more clear cut than that previously described by Stern and Holiday 1096). The 
various steps of the synthesis (see also Kuhn and Reinemund 666)) are indicated in the 
following schema: 
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Synthesis of Lumilactoflavin according to Kuhn. 

The interest was now focussed on the carbohydrato-like side chain of lactoflavin. 
Karrer et al. 527, 529) were the first to introduce hydroxyl-containing side chains in 
9-position in alloxazine. The products thus obtained showed a behaviour upon photo- 
lysis which was analogous to that of lactoflavin. Both Kuhn and Weygand 683, 685) 
and Karrer et al. 518) were able to synthesize 6,7-dimethyl-9-(l-i-arabityl)-isoallo- 
xazine which was the first synthetic product to exhibit a certain vitamin B 2 -activity. 
Whereas both groups of workers were inclined at first to believe that the side-chain in 
lactoflavin is also derived from 1-arabinose, in other words that the synthetic product 
was identical with the vitamin, the finding that the biological activity of the araboflavin 
was l / 2 to l / 3 as small as that of natural lactoflavin and that the melting points of the 
tetraacetyl derivatives did not agree, militated against this view. The search for the 
nature of the side chain was therefore continued, and about simultaneously Kuhn 658, 
667), and Karrer 618) and their associates reported the synthesis of the fully active 
d-ribose derivative. The identity of the riboflavin with natural lactoflavin was confirmed 
by v. Euler, Karrer et al. 298) and Gyorgy 426). The method of synthesis was 
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considerably improved both in Kuhn’s and in Karrer’s laboratory 624, 633, 682, 
676,631). In particular, tho use of boric acid as a catalyst in the condensation of alloxan 
with the dirnethyl-amino-ribitylamino-benzene has brought about a great increase in 
yield 686). One of tho recent syntheses of riboflavin (lactoflavin) is illustrated by the 
following sequence of reactions (Karrer and Meerwein 624)): 
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Since then it has become apparent that all the flavins isolated from various plant 
and animal sources are identical with riboflavin (cf. Kuhn et al. 646, 647)) with the 
exception of the uroflavins obtained from Koschara 688) from urine which differ 
distinctly in their bohaviour upon chromatographic analysis. 

The isolation of riboflavin (lactoflavin) from biological sources is based on 
the following principles: Riboflavin is readily adsorbed on Fullers earth or Frankonit from 
mineral acid or acetic acid solution. Elution is accomplished by pyridine-methanol-water 
mixtures. A precipitate of lead sulfide, formed in the solution, may also be used as ad- 
sorbent. Accompanying purine and other bases are removed by picric acid treatment. 
For the final purification the formation of silver- and thallium salts by riboflavin is 
utilized with advantage (cf. Kuhn et al. 627, 1207, 628, 630, 1209, 631)). The most 
suitable material for the preparation of natural riboflavin in quantity appears to be milk 
whey. Liver is also relatively rich with respect to the pigment, but the isolation and the 
separation from the many concomitant substances of similar physical-chomical properties 
is quite tedious (cf. Stern 1077b)). While all of the flavin in milk occurs in free, dialyzable 
form, the contrary is true for liver. Boiling of aqueous liver extracts will readily liberate 
the flavin from its linkage to protein. 

The pigment crystallizes from aqueous or alcoholic solutions in orange colored need- 
les which tend to form clusters. The melting point or, better, the decomposition point 
of natural riboflavin has been found anywhere between 271° and 293°, coupled with 
considerable differences in the solubility of the fractions (Kuhn 667)). Aqueous solution 
of riboflavin show a brilliant green-yellow fluorescence, particularly when irradiated 
with long-wave ultraviolet or short-wave violet light. The fluorescence is quenched in 
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strongly acid and alkaline solution. The determination of the intensity of the fluores- 
cence in dependence on the hydrogen ion concentration has been used for the calculation 
of the dissociation constants of riboflavin (Kuhn and Moruzzi 653a)). The values thus 
derived are pK/ = 1.7 and pK 2 ' = 10.2. The isoelectric point of riboflavin as calculated 
from these values, ph 6, should be replaced by the term isoelectric zone which, according 
to electrophoretic measurements of Theorell 1151), extends from ph 8 to 9. Other 
physical-chemical properties of riboflavin, i.e. the absorption spectrum and the oxidation- 
reduction potential, will be discussed below, jointly with those of the other substances 
of this group. 


Riboflavin Phosphoric Acid and Flavin Adenine Dinucleotide: 

Up to 1984 it was generally believed that free lactoflavin (riboflavin) represents the 
prosthetic or active group of the yellow enzyme of Warburg and Christian. This belief 
was disproved, when Theorell 1151) in Warburg’s laboratory, upon cleavage of the 
yellow ferment with methanol, obtained the colored group combined with a phosphor- 
containing acid radical. While free lactoflavin, according to Theorell, will not migrate 
in an electric field at ph 7.2, the colored group of the enzyme shows an electrophoretic 
mobility of u = 16.10 ~ 5 cm 2 -sec. _1 volt -1 at the same ph. Theorell was able to prepare 
the colored group of the enzyme in crystalline form, as the calcium salt, and to identify it 
by elementary analysis as the monophosphoric acid ester of lactoflavin. While Theorell 
in contrast to claims made by Kuhn 685, 664) stated that free riboflavin does not com- 
bine with the bearer protein of the yellow enzyme to form a catalytically active compound, 
he found that riboflavin monophosphate will do so in a quantitative manner. 

Lactoflavin monophosphate is not only obtainable from yoast but it has also been 
prepared from animal tissues, e.g. liver (Theorell, Karrer et al. 1164)). A synthetic 
lactoflavin phosphoric acid ester was obtained by treating lactoflavin with POCl 3 in 
pyridine (Kuhn and Rudy 662)). The position of the acid radical in the carbohydrate 
side-chain remained unknown. The product showed a slight coupling with the protein of 
the yellow enzyme. It may well have represented a mixture of isomeric phosphoric acid 
esters. Later, Kuhn, Rudy and Weygand 668) synthesized lactoflavin-5'-phosphoric 
acid via the 2',8',4'-triacetyl-5'-trityl derivative. KunN and Rudy 663) could 
show that the complex obtained by coupling the synthetic ester with purified bearer 
protein (50 per cent pure) had the same catalytic activity towards Robison and Neuberg 
ester as the corresponding complex obtained with the aid of natural flavin phosphoric 
acid. As far as the latter ester is concerned, Karrer, Frei and Meerwein 521) were 
able to exclude the positions 2' and 8' of the carbohydrate chain as the place of attachment 
of the acid residue: Upon oxidation with periodic acid no formaldehyde is formed which 
is known to arise from pentose-3-phosphoric acid but not from pentose-5-phosphoric 
acid. Therefore, only positions 4' and 5' remain as possibilities, the latter of which appears 
the most likely one. The same workers modified the synthesis of the ester on the basis 
of Karrer and Meerwein’s method 524). In view of very recent developments it is of 
great interest to note that Karrer, Frei and Meerwein 521) state that their prepara- 
tions of lactoflavin phosphoric acid from liver invariably contained adenylic acid up to 
60 per cent of the total weight. Although the authors were inclined to regard the adenine 
nucleotide as an impurity, they did not consider it impossible that there might exist a 
chemical linkage between the two constituents of their preparations. Warburg and 
Christian report 1256 ) that the coenzyme of the d-alanine oxidase, as isolated from 
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horse kidney, has the chemical composition of a flavin-dinucleotide. They intimate that 
the yellow enzyme which they isolated from bottom yeast in 1932 represents only one 
member of a whole group of enzymes with prosthetic groups containing flavin. Their 
finding explains why Karrer and also other workers encountered such difficulties 
in attempting to prepare pure riboflavin and riboflavin phosphoric acid from animal 
tissues, particularly from liver. In this connection one might also refer to the observation 
of Gyorgy, Kuhn and Wagner- Jauregg 863) that optimal vitamin B 2 -activity of lacto- 
flavin or of the phosphoric acid ester is produced only by simultaneous administration 
of vitamin B 4 concentrates which contain large amounts of adenine as an impurity. 

In a recent communication, Karrer et al. B22) report that they have now tested 
their old riboflavin-phosphoric-adenine-nucleotide preparations obtained from liver for 
activity in the d-alanine dehydrogenase system. The result is that the impure flavin 
adenine nucleotide is active as the coenzyme of d-alanine dehydrogenase while further 
purified nucleotide preparations, showing a ratio of 1 : 1 between flavin ester and adenine, 
were no longer active. *) 

Straub 1107) from Keilin’s laboratory reports that highly active d-alanine oxidase 
coenzyme preparations from kidney contain appreciable amounts of flavin as shown by 
their optical behaviour (fluorescence). 

The Yellow Oxidation Enzyme: 

(“Old” Yellow Ferment = Riboflavinphosphate Proteid). 

Crude yellow ferment is obtained from brewers yeast according to Warburg and 
Christian 1239) in the following manner: 

Lebedew juice from dried bottom yeast is purified by treatment with lead sub- 
acetate. After removal of the excess of lead with phosphate the enzyme is precipitated 
at low temperature with CO a and acetone in the form of a viscous oil. The oil is dissolved 
in water and the acetone-C0 2 procedure is twice repeated. This is followed by repeated 
reprecipitation with methanol at 0°. The crude enzyme may be stored in dry form. 

*) See also E. Negelbin and Br8mel, Bioch. Zs. 800, 225 (19S9). 
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One of the purification procedures recommended by Warburg and Christian 
for the crude enzyme preparation consists in the removal of impurities by shaking a solution 
of the enzyme in NaCl solution with chloroform and octanol for 24 hours at 88°. Even 
then there remain appreciable quantities of foreign proteins and particularly of poly- 
saccharides. H. Theorell 1148) was able to remove the tenaciously associated yeast 
gum from the yellow enzyme by ingenious electrophoretic procedures. Inert proteins are 
then removed by fractionation with ammonium sulfate. Upon dialysis against ammonium 
sulfate-containing acetate buffer of ph 5.2 the yellow enzyme precipitates in the form of 
particles of the size of red blood cells and with straight edges. Some of these crystals 
showed double-refraction. The content in flavin phosphate was 0.G1— 0.64 per cent. The 
minimum molecular weight, calculated on the basis of one flavin residue per molecule, 
is 78,000 ± 4000. Actually, Kekwick and Pedersen 653) obtained the following 
values upon studying Theorell’s preparation in the ultracentrifuge: 77,000 from the 
sedimentation equilibrium diagram and 82,800 as calculated from the sedimentation 
constant (5.76 ± 0.09 X 10~ 13 cm/sec), from the diffusion constant (6.07 X 10~ 7 cm 2 /sec) 
and from the partial specific volume (0.731). 

Attempts to obtain pure yellow enzymo have also been made in Kuhn’s laboratory. 
Purification by the chloroform method of Warbuko and Christian, electrophoresis 
according to Theorell, and subsequent adsorption on aluminium hydroxide gel C P and 
elution with Na^HPOj yielded preparation of 50 per cent purity (Kuhn and Rudy 663)). 
More recently, Weygand and Stocker 1296) were able to prepare yellow enzyme of 
100 per cent purity by the following steps: adsorption of the enzyme from a dialysed 
bottom yeast juice by aluminium hydroxide gel C y (at ph 7, in the presence of phosphate), 
elution with an ammonium hydroxide-diammonium phosphate mixture, repetition of 
the adsorption and elution procedure, precipitation of the enzyme at the isoelectric point 
(ph 5.2) by two volumes of saturated ammonium sulfate solution, repetition of the salting- 
out procedure, adsorption on aluminium hydroxide, elution and dialysis. From 80 kg. 
dried yeast 4.18 g. pure yellow enzyme were thus obtained. 

In pure form tho yellow enzyme is much less stable than the preparations of War- 
burg and Christian which contained protective colloids of polysaccharide nature. It 
may be stored, however, for some timo at 0° under saturated ammonium sulfate solution. 
The enzyme shows the solubility properties of an albumin: It is soluble in distilled water 
and does not precipitate at the isoelectric point. Upon addition of ammonium sulfate 
it begins to precipitate at 55 per cent saturation. The precipitation is complete at 67 per 
cent saturation. The ph-stability zone, as determined in tho ultracentrifuge, has a lower 
limit at ph 4.5 to 4 (at about 30°). Upon lowering tho temperature the stability increases 
in this range. 

The enzyme, upon elementary analysis, yields figures typical for a protein (Theo- 
rell 1162 )): 

C = 51.5 %; H = 7.37 %; N = 15.9 %; P = 0.043; S = 1.0 %. 

The specific rotation, [a D ], is — 80°. 

The analytical study of tho yellow enzyme has been extended to its content in 
amino acids by Kuhn and Desnuelle 610). Those authors employed preparations 
of Weygand and Stocker 1296) which had been further purified by adding ammonium 
sulfate to 58 per cent saturation. This treatment removed 10 — 15 per cent of inert 
protein but did not shift the content in flavin, probably because the inert proteins 
adsorb some of the pigment upon precipitation. The remaining chromoprotein was 
sharply and completely precipitated within the range from 58 to 66.6 per cent saturation. 
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In this range there exists a linear relationship between the logarithm of ammonium 
Bulfate concentration and tho amount of protoin remaining in solution, a relationship 
•which represents a good criterium for homogenity of a protein (E. J. Cohn). The figures 
obtained upon elementary analysis for this chromoprotein were: 

C = 51.84, 51.49 %; H = 7.04, 7.21 %; S = 0.48 ; N = 16.27 %. 

The only significant difference between these values and those of Theorell is the sulfur 
value (0.48 % as compared with 1.0 %). The optical rotation was found independent of 
the ph from 8.8 to 10.4 and somewhat dependent on tho wavelength of light used for the 
determination. The rotation, ao, at ph 7.4 was — 0.27° (d = 10 cm, c = 0.70). Yellow 
enzyme preparations of this purity were dissociated into the colored group (riboflavin 
phosphate) and the bearer protein either reversibly by dialysis against 0.005 N. HC1 at 
0° or irreversibly by treatment with methanol. The bearer protein was hydrolyzed by 
boiling with dilute H 2 S0 4 and in the hydrolysate a number of amino acids were deter- 
mined colorimetrically. The values obtained were: Arginine 8.25 %, Histidine 2.75 %, 
Lysine 18.7 %, Tyrosine 7.75 %, Phenylalanine 5.75 %, Tryptophane 4.86 %, Cystine 
0.48 %, Glutamic acid 7.1 %. In a following paper (Kuhn and Desnuelle 642)), the 
content in aspartic acid was estimated to be approximately 2 %. Furthermore, the three 
hexone bases, arginine, histidine and lysine, were isolated in form of crystalline deri- 
vatives and glutamic acid was obtained as the hydrochloride. It is interesting to note 
that only 20 per cent of the total sulfur could be accounted for in the form of cystine oven 
if the improved procedure of hydrolysis with formic acid-IICl, developed for insulin by 
Du Vigneaud and Miller, was followed. Thero is therefore a strong indication that 
other sulfur-containing amino acids are contained in the protein. Altogether about 66 per 
cent of the total nitrogen content of the bearer protein have been accounted for by the 
amino acid analyses. According to the present status, one molecule of the bearer pro- 
tein of the yellow enzyme contains, as major constituents, approximately 38 molecules 
of arginine, 13 molecules of histidine, 66 molecules of lysine, 40 molecules of proline, 
80 molecules of tyrosine, 24 molecules of phenylalanine, 17 molecules of tryptophane, 
84 molecules of glutamic acid, 12 molecules of aspartic acid and only 1 to 2 molecules 
of cystine. These figures are based on a molecular weight of the enzyme of 70,000. 

Reversible Dissociation ot Yellow Enzyme: 

In 1934, H. Theorell 1148) performed an experiment of fundamental impor- 
tance and of classical simplicity: When a solution of the yellow enzyme is dialyzed against 
0.02 N.HC1 at 0°, the inside fluid is slowly decolorized. It can be shown that tho colored 
group has passed the membrane and that a colorless protein has remained behind. It 
exhibits the properties of a denatured protein, e.g. precipitation upon shifting the ph 
to 7. This “metaprotein” is unable to couple with lactoflavin monophosphate. If, how- 
ever, the acid is replaced by water and dialysis continued until all traces of HC1 are 
removed, 50 to 70 per cent of the metaprotein is renatured. It is now capable of com- 
bination with the flavin phosphate; and tho resynthesized complex has the same cata- 
lytic activity as the original enzyme. The combination between the prosthetic group and 
the protein takes place in a stoichiometric manner, as shown in the diagram, Fig. 9. 

Saturation of the bearer with the prosthetic group is reached when the molecular ratio 
between the two components is 1 : 1 (1164)). The test system was that described by 
Warburg and Christian, viz. Kobison ester, coferment, zwischenferment, in an oxygen 
atmosphere at 38°. The free, native bearer protein is considerably less stable than the 
whole enzyme complex. 
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The procedure of Theorell for the reversible dissociation of the yellow enzyme 
by dialysis against HC1 and subsequently against distilled water which requires several 
days for its completion has recently been replaced by a still simpler method yielding 
both components in a good yield within about one hour. Warburg and Christian 1267) 
add the same volume of saturated ammonium sulfate solution to a solution of yellow 
enzyme purified by electrophoresis, cool to 0° and shift the ph to about 2.8 by adding 
0.1 N.HC1. The colorless precipitate thus formed contains 78 % of the protein bearer in 
native form while the prosthetic flavin group remains in the supernatant solution. 
Resynthesis is accomplished by mere remixing of the components. It may be demonstra- 
ted not only by the usual activity test with Robison ester as the substrate but also 
visually by the disappearance of the green fluorescence of the flavin component when it 
is added to the protein solution under 
observation with filtered ultraviolet 
light. The resulting flavin proteid does 
not fluoresce. 

The finding of Theorell that the 
bearer protein, after acid dialysis of 
the enzyme, i.e. in the metaprotein 
stage, gives a positive test for SH- 
groups with nitroprusside which is 
abolished by the renaturat-ion could 
not be confirmed by Kuhn and Des- 
nuklle 641). These authors conclude 
on the basis of titration experiments 
with the blue porphyrindin radical as 
the oxidant that neither the reversible 
combination of the prosthetic group 
with the protein nor the reversible 
transition into the raetaprotein or the irreversible heat denaturation of the protein 
involve the formation or disappearance of suifhydryl groups. 

Of the synthetic complexes of the type of the yellow enzyme, that propared with the 
aid of synthetic riboflavin monophosphate has already been mentioned (p. 189). An 
analogous, catalytically active, complex has been prepared by coupling synthetic Z-arabo- 
flavin with the natural protein component (Kuhn et. al. 669)). dust as araboflavin is less 
activo as vitamin B 2 than is riboflavin, the artificial enzyme complex also shows an en- 
zymatic activity somewhat inferior to that of the natural yellow enzyme. Kuhn and 
Rudy 664) claim that free riboflavin, if employed in excess, is also able to form an active 
complex with the protein which is subject to dissociation even in neutral solution. 

Link between Prosthetic Group and Bearer Protein: 

In contrast to free riboflavin or riboflavin monophosphate the yellow enzyme does 
not show a fluorescence (Theorell (he. 116)). The fact that salt formation at the NH-group 
of the alloxazine nucleus in 8-position will quench the green fluorescence of free flavins 
induces Kuhn and Boulanger 636) to assume that this imino group is one of the places 
of attachment of tho prosthetic group to the protein in the enzyme. This is supported by 
the observation that 3-methyl-lactoflavin is devoid of vitamin Reactivity. This is to be 
interpreted as due to the inability of the substituted flavin to combine with the specific 
protein in the animal organism. The third argument adduced by Kuhn and Boulanger 
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Fig. 9. Resynthesis of the yellow enzyme. Ordinate, 
catalytic activity in terms of O a -uptake of the test 
system; Abscissa, amount of flavin phosphate added 
to constant, amount of carrier protein (Theorell 1154)) 
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in favor of this hypothesis is the change in the oxidation-reduction potential of the free 
flavin phosphate upon combination with the protein (see below). The much higher affinity 
of the phosphorylated flavin for the protein as compared with the free flavin points to 
the acid radical as a second bridge between the colored group and the carrier. Kuhn 


suggests the accompanying formula for the q 

yellow enzyme. ^ 

Tho affinity of non- phosphorylated flavin, CH,OP--~() 


although small, for the protein and tho occurrence 
of this free form in biological sources, e.g. in the 
retina (see Euler et al. 267), Gyorgy and Kuhn 
429), Kuhn et al. 664, 676, 427, 428)), suggest the 
possibility that there may exist also in nature 
flavoproteins with the imino group in 8-position 
in the alloxazine nucleus as the only place of 
attachment. They are probably of secondary im- 
portance. 


HOCH OH 

I 

HOCH 

I 

HOCH 

I 

OH, 

I 

N N 


Experiments designed to characterize the link H a 0*/\/ \/ \CO 
between colored group and protein by the ability j J 

of the yellow enzyme to de-ionize silver ions which H 3 0| |N 

it shares with saccharase (Euler and Svanberg) \/\N/\CO / 



have thus far been unsuccessful (Kunx and Des- 
nuelle 643)). 


Yellow Enzyme 
(acc. to Kuiin and Boulanger). 


Absorption Spectrum: The absorption spectrum of the yellow enzyme in the vi- 
sible region was first determined by Warburg and Christian 1246). They 
found an absorption band at 380 m /z (/?-band) and one at 465 m /z (a-band). 
After obtaining the enzyme in pure form, Theorell 1161) extended the measure- 
ment into the short-wave ultraviolet. Here the enzyme shows the typical 
protein absorption at 270 in /z. Although the absorption bands in the visible and 
in the long-wave ultraviolet are due to the flavin group of the enzyme, the 
corresponding bands of the free riboflavin monophosphate 
(and also riboflavin itself and the photoderivative, lumi- 
flavin) are shifted about 20 m /z towards the blue end of 
the spectrum. The absorption maxima of lactoflavin 
(riboflavin), according to Kuhn et al. 646,647), are at 
220, 270, 365, and 445 m /z. Theorell places the steep 
band in the short-wave ultraviolet at 290 m /lz. In any 
event, this maximum is almost completely masked in 
the yellow enzyme by the superimposed protein band. 

In alkaline solution the peaks of the a- and /?- band of 
lactoflavin are shifted towards the red (4 m/i), the 
same being true for lactoflavin monophosphate (8 m /z); 
at the same time, the green fluorescence exhibited by 
both compounds at neutral solution disappears (Kuhn; 

Rudy 1010 ). 

The fluorescence emission spectrum of lactoflavin 2' Yellot b Enzyme V)tnd of 
has recently been measured by Eymers and van Riboflavin (1) acc. to Rudy 
Schouwenburg 329). The absorption spectra of alio- 1010). 
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xazine and of related compounds have boen studied by Holiday and Stern 490). 

Oxidation- Reduction Potentials: In their first communications on the yellow en- 
zyme, Warburg and Christian 1240, 1241) stated that it is capable of reversible 
reduction and oxidation. The same had been observed by Szent-Gyorgyi 1127) 
with respect to cytoflav which is identical with flavin phosphoric acid. Subse- 
quently it has been shown that all compounds of this class, i.e. not only the 
enzyme and the flavin group, but also the photoderivative, lumiflavin (photo- 
flavin) and even the simple alloxazinos may be reduced by suitable reductants to 
colorless leuco compounds and reoxidized to the original form. Kuhn and Wagner- 
Jauregg 675) made the observation that when lactoflavin (and also alloxazine) is re- 
duced in strongly acid solution, a red intermediate with an absorption band at 490 m /x is 
formed in the course of the transformation of the yellow, oxidized, to the colorless, leuco- 
or dihydroform. They suggested that this red intermediate is a semiquinoid radical of the 
type extensively studied by Micuaelis and his associates (see p. 100). 

Potentiometric trit rations, performed with purified but still somewhat impure flavin 
preparations from liver, urine, and malt, confirmed the reversibility of the oxidation- 
reduction process and indicated a normal potential (E' 0 ) at ph 7 of about - 0.200 V. 
(Stern 1079)). Subsequently, crystalline photoflavin obtained from liver and from yeast 
(the latter furnished by Warburg and Christian) was subjected to a potentiometric 
study (Stern 1080)). The normal potential, E' 0 , at ph 7.0 was found at —0.227 V. While 
in neutral and alkaline solutions the titration curves are similar to those of systems with 
an electron number of 2, the slope of the curves becomes increasingly steeper with de- 
creasing ph. At very low ph-values a break in the titration curves, at the point where 
the red intermediate of Kuiin and Wagner- Jauregg exists, indicates that here the 
reduction and oxidation are taking place in two distinct steps each involving tin- exchange 
of one electron. Above ph 2, considerable overlapping of tho two individual steps occurs; 
but nowhere is the index potential exactly that of a two-electron system, indicating that 
throughout tho entire ph-range there ought to exist a certain, if only small, concentration 
of the semiquinoid radical. 

The normal potential of lactoflavin at ph 7 was given by Kuhn and Mokuzzi 674) 
as - -0.21 V. (extrapolated value). 

When both the natural and the synthetic members of the flavin group became 
available in pure form and in sufficiently largo amounts, comprehensive potentiometric 
studies wore conducted both in Kuhn’s and in Michaelis’ laboratory. The position of tho 
normal potentials with varying pli was determined with greater accuracy and the effect 
of changes in tho molecule, such as substitution in the benzene, pyrimidine and pyrazine 
ring, was studied. Tho reader is referred to the papers by Kuhn and Boulanger 636) and 
by MicnAELis ot al. 122) as to the details of their results. The normal potential, E' , at 
ph 7.0, of lactoflavin (riboflavin), natural and synthetic riboflavin phosphoric acid was 
found between — 0.185 and — 0.191 Y. (Kuhn and Boulanger 636)). It was confirmed 
by both groups of workers that the rod intermediate formed upon reduction in acid 
solution has tho properties of a somiquinoid radical. Furthermore, Michaelis et al. 822) 
could show that the color of the radical in the neutral ph range is olive green as contrasted 
to the red color of tho cationic radical. The most important finding in these studies was 
that of Kuhn and Boulanger 636) that the potential of the yellow enzyme is much 
more positive than that of the freo riboflavin or of the phosphoric acid ester: E' 0 at ph 7.0 
was found between — 0.059 and 0.066 V., i.e about 120 millivolts more positive than 



m 


OTHER ALLOXAZINE PROTEIDS 


that of riboflavin alone. The combination of the negative riboflavin system with the 
protein bearer thus creates a redox system of a potential in the methyleno blue range. 
Furthermore, the protein renders the reactivity of the flavin radical more specific. 

The value given above for the normal potential of the yellow enzyme was deter- 
mined at 38° because the establishment of equilibrium potentials was too sluggish at 
20°. Kuhn and Boulanger find in the case of 6, 7, 9-trimothylalloxazine that the poten- 
tials between 0° and 38° aro proportional to the absolute temperature (F / 0 at ph 6.9 was 
— 0.181 V. at 0°, —0.201 V. at 20° and -0.216 V. at 38°)*). 

The dependence of the 
normal potentials of ribo- 
flavin on ph is illustrated 
in Fig. 11 (for theoretical 
treatment, see p. LOO). 

Kuhn and Strobele 
671) have prepared quin- 
hydrone-like derivatives of 
riboflavin (rhodoflavin, 
verd of 1 a vin , chlorof lavin) 
which differ with regard 
to their level of oxidation, 
i.o. where the ratios be- 
tween quinoid and hydro - 
quinoid form are different, 
from 1:1. Mkjhaelis and 
Sciiwarzknbach824) have 
recently reinvestigated the 
potentials of riboflavin in 
solution and they find that 
only the free semiquinoid 
radical ami its bimolecular dimerisation product but no other species of intermediary 
oxidation level are formed. 



Fig. 11. Plot of the normal potentials of riboflavin against ph. 
Ej, normal potential of mixture of the fully reduced and of the 
semiquinoid form; E a , normal potential of mixture of the semiqui- 
noid and the fully oxidized form; E rn , normal potential of mixture of 
fully reduced and of fully oxidized form; Kt, dissociation constants 
of oxidized form, l\ s , dissociation constants of reduced form 
(Michaelis, Schubert and Smythe 822)). 


Other Alloxazine Proteids. 

That the original "yellow enzyme" and alanine oxidase are not the only alloxazine 
proteins is borne out by a preliminary report by Ball 59) from Warburg's laboratory 
stating that xanthine oxidase, too, belongs to this group. Purified solutions of 
xanthine oxidase from whole milk have a strong golden brown color and an absorption 
band between 400 and 500 m ft. This hand disappears if by poxan thine or xanthine is 
added under anaerobic conditions. The original color is restored by air. The difference 
spectrum between the reduced and the oxidized form has two bands at 370 and 465 m /*, 
i.e. there where the yellow enzyme has specific light absorption. The prosthetic group of 
the enzyme may he split off by acid or alcohol. The colored solution thus obtained has 
two bands at 450 and 375 m/x, similar to t-ho bands of free riboflavin, and it exhibits 
also other properties of flavin preparations. Thus, it may bo converted to lumiflavin 
(or photoflavin) by irradiation in alkaline solution. While it has not yet been possible 
to effect a quantitative cleavage between prosthetic group and native protein pheron, 

*) With regard to the interaction of the yellow enzyme with pyridine coenzymes the notes by 
Haas 430b) and by Kenner 561a) should be consulted. 
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a partial separation has been accomplished. The protein part so obtained shows a 9—4 
fold increase in activity upon addition of a solution of the colored group. The latter can- 
not he replaced by riboflavin mono phosphate or by the flavin-adenine-dinuclootide 
obtained from alanine oxidase. Its constitution is as yet unknown excepting the demon- 
stration that it contains a flavin component. It is not surprising, therefore, that several 
years ago Green and T)ixon 418a) were unable to find an activating effect of riboflavin 
on relative^ impure xanthine oxidase preparations when molecular oxygen was used 
as the acceptor. They concluded that no flavin or yellow enzyme is required for the 
reaction of this dehydrogenase with molecular oxygen. The findings of Ball stress the 
need for exercizing caution in drawing conclusions from experiments with systems the 
chemical composition of which is unknown. 

Recent publications from Warburg’s laboratory make it clear that there exists in 
Nature a whole class of “yellow enzymes” or, better, alloxazine proteids which differ 
with respect to the constitution of their prosthetic group as well as that of the bearer 
protein and which show a well-defined specificity. A “crossing-over” of the prosthetic 
groups or of the pherons in the test tube will produce synthetic enzymes of equally well' 
defined properties. 

For purposes of classification, Warburg, in a recent review (1235)), has suggested to 
index the various enzymes with the aid of the donators and acceptors with which they 
react under the conditions of the in vitro tests. Warburg and Christian 1267) now 7 
propose to furnish the protein component with the same index as that given to the active 
conjugated protein from which it is obtained by splitting off the prosthetic alloxazine 
group. They suggest, accordingly, the following names for the yellow enzymes and their 
proteins thus far isolated in Warburg’s institute. (Table 13.): 


TABLE 13. 



Protein 

Enzyme 

Other Names 

t.— 

2. - 

Proteill o Jt Dihydropyridine 
Protein q #> Dihydropyridine 

Alloxazine Proteid 0i , Dihydro- 
pyridine 

Alloxazine- Adenine-Pro- 
teid o„ Dihydropyridine 

Original Yellow Enzyme 

3. 

4. 

Protein (Methylene blue), 
Dihydropyridine 

Protein 0 4 Amino Acids 

Alloxazine- Adenine-Pro- 

teid (Methylene blue), 
Dihydropyridine 

Alloxazine- Adenine-Pro- 

d-Amino Acid Oxidase 



toid o a , Amino Acids 


5 . 

Piotem 0i Xanthine 

Alloxazine- Adenine-Pro - 

Xanthine Oxidase 



teid o a? Xanthine 

(Schar dinger Enzyme) 


Enzyme No. 1. is the original yellow enzyme, now called the “old” yellow enzyme 
by Warburg. Enzyme No. 2. differs from enzyme No. 1. only with regard to the prosthetic 
group which in the first case is a simple alloxazine nucleotide and in the other case is 
an alloxazine adenine dinucleotide. The latter is actually the prosthetic group of d-alanine 
oxidase (Enzyme No. 4) (Warburg and Christian 1256)). Enzyme No. 2 has not yet 
been found in nature but is a synthetic product obtained by Warburg and Christian 
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1267) by coupling tlie native bearer protein of the original yellow enzyme with the 
prosthetic group of the alanine oxidase. In both instances the alloxazine nucleus may 
be made to react with dihydropyridine. The reduced (dihydroalloxazine) form of both 
enzymes reacts with about the same rate with molecular oxygen. The positions of the 
long- wave absorption bands are: 



Prosthetic Group 

i 

Whole Enzyme 

Enzyme No. 1 

875, 450 m ,c 

880, 465 in n 

Enzyme No. 2 

375, 450 m ,i 

880, 465 in ,i 


The positions of the absorption bands of the two enzymes are not only identical but the 
linking of the protein to the prosthetic group will cause the same shift in both cases. 

Enzymes No. 2. and 3. have the same prosthetic group, viz. alloxazine adonine 
dinuclootide, but different protein entities. Enzyme No. 3. has actually been isolated 
from brewers yeast (Strain 11 of Schultheiss-patzenhofkr Brewery, Berlin) by 
Haas 432). It differs from the synthetic enzyme No. 2 by the fact that it reacts only 
very slowly with molecular oxygen but rapidly with methylene blue. In other words. 
Enzyme No. 3 is only slightly autoxidizable. Like Enzymes No. 1 and 2, Enzyme No. 3 
is able to react specifically with diliydropyridine (reduced pyridine phospho- 
nucleotides). 

Enzymes No. 3 and 4 too, differ only with respect to the bearer protein. While 
Enzyme No. 3 reacts only with dihydropyridine, Enzyme No. 4 reacts only with amino 
acids. The constitution of Enzyme No. 5. does not yet appear to be established with 
complete certainty (see Ball 59)). According to Straub et al. (p. 227) the diaphorase, 
too, is an alloxazine proteid (See also Straub, Nature 143, 70 (1939)). 

b) Co-Carboxylase and Carboxylase. 

The relationship between cocarboxylase and carboxylase is comparable to that 
between lactoflavin phosphoric acid and the yellow enzyme: The combination of the 
coenzyrne with a specific bearer protein represents the complete carboxylase system. 
And, just as in the case of the yellow enzyme, the coenzyme or prosthetic group is the 
phosphoric acid ester of an essential food factor, in this instance of vitamin B 1 . Moreover, 
it appears that when this vitamin phosphate is combined with other specific proteins 
enzyme systems of somewhat different character are formed. 

Chemistry of Vitamin B x : *) 

Isolation: After extensive preliminary work by Funk, Seidell and Williams, 
Jansen and Donatii 602), in 1920 /were able to isolate from rice polishings a crystalline 
vitamin B* preparation of high biological activity. The compound analyzed as C 6 H 10 N 2 O. 
Subsequently, Windauh et al. 1341) isolated a crystalline vitamin preparation from auto- 
lyzed press yeast. They obtained at best 250 mg. vitamin from 100 kg. yeast, repre- 
senting a yield of 10 per cent. Although their material appeared to bo essentially 
identical with that of Jansen and Donath, they found it to contain sulfur; and the for- 

*) Recent reviews: R. (jkfave 424); C. R. Addinall 5): R. R. Williams 1332. 1332a); 
Oppenheimek’s “Supplement*', p. 1419 — 1424. 
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mula best fitting their analyses was C 12 H 17 N 2 OS. In 1934, Williams and his associates 
(1332)) were able to raise the yield of vitamin from yeast to 20 per cent of the total 
(500 mg. per 100 kg. yeast). Rice polishings yielded 25 per cent of their vitamin content 
(5 mg. per ton). The highest yield so far obtained is that secured by Kinnersley, O’Brien 
and Peters 563a) by a modification of their original method: 100 kg. yeast gave 600 mg. 
of the vitamin. 

The principal steps in the method worked out by Williams and put in large scale 
operation by Merck consist in adsorption of the vitamin form the crude extracts by 
Pullers earth, elution with quinine, removal of adventitious matter by benzoylation in 
soda-alkaline solution and chloroform extraction, precipitation of the vitamin by silver 
nitrate, barium hydroxide, and phosphotungstic acid. Finally the vitamin chloride hy- 
drochloride is obtained in pure form by recrystallization from HCl-alcohol. In this 
manner beautiful, colorless monocline neodles with oblique ends and mostly arranged in 
rosettes are obtained, having a melting point of 255° (corrected) with decomposition. 
The empirical formula of the hydrochloride is C 12 H 18 0N 4 SC1 2 . Both chlorine atoms are 
bound in ionogon form. Various names have been proposed for the vitamin, such as 
“aneurin” by Jansen, “catatorulin” by Peters, and “thiamin” by Williams. None of 
these terms has as yet achieved general recognition. 

Properties: In agreement with its salt character, vitamin Bj is readily soluble in 
water, appreciably soluble in methanol, little soluble in ethanol or acetone, insoluble in 
ether or benzene. The isoelectric point is at about ph 9.2. It is optically inactive. The 
aqueous solution is most stable at ph 6.5. While the vitamin is rather heat -stable in acid 
solution, it is readily destroyed in alkaline solution (ph 9) when heated to 100°. The free 
vitamin base may bo obtained in amorphous form by treatment with silver oxide. By 
concentrated HC1 it is converted into a compound of the formula (C 12 H 16 N 3 SOCl)Cl 2 
which indicates the presence of an aliphatic hydroxyl in the vitamin. In interacts slowly 
with nitrous acid with the formation of nitrogen. Alkali at higher temperatures liberates 
H 2 S without changing the nitrogen content. The reaction which has been most important 
for the elucidation of the structure of the substance is the scission by sulfite at ph 5 
and at room temperature according to the equation. 

C j 2 H 18 ON 4 SC1 2 f H 2 S0 3 -> C 6 H*ONS + C fl H,0 3 N 3 S + 2 HC1 
which was established by Williams (l.c. 1332), following his observation that vitamin 
extracts from rice polishings are readily inactivated by sulfurous acid. The vitamin is 
not attacked by benzoyl chloride in soda alkaline solution nor by ozone or tetranitro- 
methane. The inertia towards the last two reagents indicates the absence of ordinary 
double bonds. 

Chemical Constit ution: Upon oxidation of vitamin B 1 with nitric acid two crys- 
talline decomposition products are obtained (Windaus et al. 1341)), an ethyl ester, 
C 7 H u 0 6 N 3 , and an acid, C 5 H 6 0 2 NS. Like the intact vitamin the latter substance liberates 
1 mol H 2 S when heated in alkaline solution. This finding seemed to indicate the presence 
of a sulfhydryl group in the vitamin molecule. However, Williams 1333) was able to 
show that not only thiols but also compounds containing sulfur in heterocyclic linkage 
may give rise to H^S under these conditions. He identified the acid C 5 H 5 0 2 NS as 4- 
methylthiazole-5-carboxylic acid : 

N 0— OH, 

ii ii ' i. 

HC C — 00 OH 

W 
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The same acid is obtained by oxidation with nitric acid of the basic split product, 
C # H 9 ONS, arising in the sulfite scission of the vitamin (see equation above). This base 
must therefore represent a thiazole derivative carrying a methyl group at carbon atom 
4 and an hydroxyethyl residue, C 2 H 6 0, at carbon atom 5. Since the vitamin is optically 
inactive, the hydroxyl group is probably in ^-position. The formula of the base, 

N C — CH 3 

II II 

HC C — CHjj— CH jjOH II. 

\ S / 


was subsequently confirmed by synthesis (Clarke and Gorin 172)). The mild conditions 
under which this 4-methyl-5-hydroxyethyl-thiazole is formed from the vitamin leave 
little room for doubt that the vitamin contains a thiazole ring system. It could be shown 
that the free OH-group of this base does not arise in the course of the sulfite scission but 
that it exists already in the intact vitamin. 

The next step was to ascertain the manner in which this thiazole system is linked 
up with the remainder of the vitamin molecule. Inasmuch as the OH-group has to be 
ruled out as this point of attachment, the heterocyclic N-atom of the thiazolo base 
would appear to be the most likely participant in this link. It is obvious that the attach- 
ment of a residue R to the tertiary N-atom of the thiazole base II will yield a quaternary 
ammonium salt (III) in accordance with the scheme: 


<’H 3 


0— CHo-CH.OH 


it— X 




CH S 

II 


X 

B— N 


OH, 

C=r-^ 0 — OH, CHjOH, 

/ 

V 

CH S 


III 


where X is an electronegative residue, e.g. halogen. , 

Among the evidence favoring a configuration of the vitamin of the kind shown in 
formula III the following factB may be mentioned: In quaternary ammonium salts of 
the type III the components would be expected to form a reversible equilibrium system. 
Both the instability of the vitamin in aqueous solution as demonstrated by the changes 
in the absorption spectrum (see below) and the ease of the sulfite cleavage of Williams 
suggest such a thiazolonium salt structure for the vitamin. The iodomethylate of com- 
pound II (X = I, R = CH,), prepared by Clarke and Gurin 172), proved to be a good 
model for the vitamin with regard to its behaviour towards bromine and also NaOH, 
thereby further strengthening the formulation of the vitamin as a thiazolonium com- 
pound. The stability of the model towards sulfite is no hindrance because in contrast 
to the vitamin the equilibrium between the components of the quartemary ammonium 
salt, indicated in the last equation, leads to soluble cleavage products. The sulfite cleavage 
of the vitamin goes nearly to completion only because one of the products is constantly 
removed from the reaction system owing to its insolubility (compound C 8 H 9 0 3 N 8 S in 
equation p. 199). The thiazolonium hypothesis received further support from the form 
of the electrometric acid-base titration curve of the vitamin (Williams and Rubhlk 
1334a)): 2 molecules of alkali are used by one vitamin molecule besides the 1 mole base 
required for neutralization of the HC1 present in the hydrochloride. After the titration 
(end-point, ph 9), the vitamin may be regenerated by the addition of acid. The titration 
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process may be satisfactorily interpreted as the primary formation of a carbinol base 
followed by the reversible opening of the thiazole ring with the formation of the sodium 
salt of a formyl compound *). 

If it be accepted that the vitamin is indeed a thiazolonium salt, there remains the 
question as to the nature of the second part of the molecule combined with the thiazole 
half through the N-atom. It has been mentioned above that the nitric acid breakdown 
of the vitamin yielded an ethylestor C 7 H 11 0 5 N 3 besides the methylthiazole carboxylic 
acid; and that the sulfite cleavage yielded an insoluble acid, 0 6 H 9 0 3 N 3 S, aside from the 
substituted thiazole base. The spectrographic comparison of the former with imidazole and 
pyrimidine derivatives clearly indicated the presence of a pyrimidine ring in the ethyl 
ester. The same is true for the acid of Williams, which is a sulfonic acid of the empirical 
formula, C 6 H 8 N 3 - S0 3 I I. The stability of this substance defeated attempts to elucidate 
its precise structure by further breakdown. New hopes were roused when Windaus, 
et al. 1341) were able, by careful permanganate oxidation, to isolate a base, C 6 H 10 N 4 , as 
a reaction product the character of which pointed to its origin from the still unknown 
pyrimidine portion of the vitamin molecule. While originally the constitution of a diamino- 
dimethyl-pyrimidine (IV) was attributed to this base, later work and particularly the 
discovery of thiochrome (see below) have led to a revision of this formula in the manner 
indicated in formula V: 


CIJ, 

i 

. 0.. 

N Y ~\'H, 

I II 

0 C — NH S 

H ; ,C M 

IV. 


CH. 

N* C- -OH,— NH, 


C 0— NH, 

N - 
V. 


h^'YX n - ' 


The compound V. has been synthesized by several workers (Andbrbag and Westphal 
23); Grewe 422); Todd and Beroel 1179)). It, proved to be the key for the final eluci- 
dation of the structure of the vitamin. The NHj-group in the side chain of the diamine is 
derived from the thiazole ring, while the CH 2 -group is the bridging link between the 
two parts of the molecule. This leads to the structural formula VI for the vitamin: 

OR, 0H 2 — OHaOH 

« I I 

- v Jti^ N \ q 

N 0- -0H 2 -NY I VI. 

|| | 'OH- S 

0 c 

G 3 (v'' % N/\NH,H0I 

The first to postulate a methylene bridge between the thiazole and the pyrimidine por- 
tion of the molecule on theoretical grounds were Makino and Imai 748, 600). Shortly 
afterwards Williams 1331), too, arrived at the correct formulation of the vitamin. 

Synthesis: The synthesis of vitamin B, has afforded ultimate proof for the correct- 

*) For a fuller discussion of the titration curve the poper by Williams and Ruehlb 1384a) 
and the review by Grewe 424) should be consulted. 
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ness of the structural formula. It was accomplished independently by Andersao and 
Westphal 23), Williams 1334) and Todd and Beroel 1179). The synthesis of Williams 
(cf. Cline, Williams and Finkelstein 173) consists in the condensation of 2-methyl-5- 
bromomethyl-6-aminopyrimidine hydrobromide with 4-methyl-5-/?-hydroxyethyl-thia- 
ssole by heating in butanol and subsequent exchange of the bromine for chlorine with 
AgCl. The individual steps are shown in the following flow chart. 

+ NBLj— C(CH 3 )=^Nli 

Acetamidine 

N=l!- OH 

CH.C C -CH*OEt 

II II 

N— Oil 

2-methyl-5-ethoxymethyi- 
6-hydroxypyrimidine 


f HCOOEt 

> 

Ethyl formate 
tit0C0C0 2 CH 2 0Et 
Ethyl /?-ethoxy 
propionate 


EtOCOCHOH 2 OEt 

O =-CH 
Ethylformyl 
/i-cthoxy propionate 


POOL 


N=C— OH 

CH 3 C C — CHgOEt 


N=C — Cl 


Alc-NH, 


N=C NH, 
CH.C 0-CH.OEt 


(JH.C C — CHgOEt 

II II II II .. .. 

N— CH N— CH N— CH 

‘2-methyl-5-ethoxyinethyl- 2-methyl-5-ethoxymethyl- 2-methyl-5-ethoxymethyl- 
6-hydroxypyrimidine 6-chloropyrimidine 6-aminopyrimidine 


HBr 


N— C— NH„ 

CH 3 C C — CH.OEt, 

Uh 

2-inethyl-5-ethoxv - 
methyl-6-amino- 
pyrimidino 


N--C— NH 2 Br 


CH a C C — CHjBr 

'Uh 

2-methyI-5-bromo- 

methyl-6-aminopyrimi- 

dine hydrobromide 


+ 4-Methyl-5-/f- 

>. 

hy droxy-eth y Ithiazo !e 

' CH ;j 

N=C — NH 2 HBr C -C--0H* 

i __ / 


0H 3 C C— CHj— n 


CH, 


X 

N— CH Br CH— S OH 

Vitamin B t bromide hydrobromide 


Alc-AgCJ 


CH., 


CH, 


N=C -NHjjHBr C — C — CH, 

II / I 

CH,C C— <JH* — K CH, 

'll II IN I ” ( 

N— CH Br] CH -S OH J 
Vitamin B, bromide hydrobromide 


N=C — NHjHCl C -C — CH 2 

II / I 

CH 3 C C-CH, — N CH, 

II \\( IN I 

N— CH Cl CH-S OH 

Vitamin B* chloride hydrochloride 


Synthesis of Vitamin B l by Williams. 
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The procedure developed by Andersag and Westpiial 33) is based on the conden- 
sation of 2-methyl-4-amino-5-bromoTnethyl-pyrimidine dihydrobromide with 4-methvl- 
5-hydroxyethyl-thiazole by lieating for 30 mins, at 120 — 130° and converting the resul- 
ting vitamin Bp hydrobromide to the corresponding hydrochloride through thepieratc by 
treatment with HGl and recrystallization from dilute alcohol. The third method which was 
found independently by Andeksag and Westphal and by Todd and Bergel 1179) 
depends on the condensation of 4-amino-5-thioformamido-methyl-2-methylpyrimidine 
with a-chloro-/i-hydroxy propyl ketone or one of its derivatives. The synthesis of vitamin 
Bj has mado possible its industrial preparation in large amounts. 

Oxidation of Vitamin B t : Thiochrome: In 1935, Kuhn. \\ agner-*1aukkgg, 
van Klaveren and Vetter 677) isolated a yellow' pigment from yeast which was 
distinguished by a strong blue fluorescence in neutral or alkaline solution. The empirical 
formula, C l2 H 14 ON 4 S, suggested a close relationship to vitamin B 1 . They found thio- 
chrome to be reversibly reducible and reoxidizable. Shortly afterwards, Barger, Bergel 
and Todd (39) were able to prepare thiochrome by oxidizing vitamin in alkaline 
solution with potassium ferricyanide. A number of other oxidizing agents, e.g. H 2 0 2 , 
selenium dioxide, permanganate, porphyrindin, and porphyrexide will transform the 
vitamin to a greater or smaller extent into thiochrome (Kuhn and Vetter 673)); and 
even molecular oxygen will do so provided that alcoholic or alkaline aqueous solutions 
of the vitamin are exposed to the atmosphere for a sufficient length of time (Kinnerslky, 
O’Brien and Peters 564)). The structure of thiochrome, shown in formula IX, w as first 
suggested on theoretical grounds by Makino and Imai 748) and later proved by synthesis 
by Todd, Bergel, Fraenkel-Conkat and Jacob 1180). These workers brought the 
dichloropyrimidine VII into reaction with the aminothiazole derivative VIII which 
in turn had been prepared from the corresponding chloroketone and thiourea: 

CH 

\ c — c.m-c 'i 

I I! 

(• c- 

CfU '' \ N / 

VII. 

-c-c.ii a \ 

II - I 

C---CIUTLOH C 

S ‘ (jH 3 

VIII. 



Cl 

CH CH. 

V N -C- CH, 

II II!' 

C C CCH..CR..OH 

. N .\N- 

IX. Thiochrome. 


Kuhn and his colleagues (67?, 673)) consider it not impossible that the thiochrome 
which they obtained from yeast might have been formed from a precursor, presumably 
vitamin B x , in the course of the preparation. While it is thus possible that thiochrome is 
only an artefact, it has acquired considerable importance as a specific derivative of vita- 
min B t into which the latter is converted for purposes of assay. This method w hich has 
been developed mainly by Jansen and his associates Westenbrink and Goudsmit, 
w r hile important for the science of nutrition, is outside the scope of this monograph. 

Reduction of Vitamin B t : Lipmann 721, 726a) reports that vitamin B lt 



204 


CHEMISTRY OF VITAMIN Bj 


dissolved in phosphate buffer of ph 7.5, will absorb 0.94 mol H 2 per mol vitamin in the 
presence of platinum black. Sodium bisulfite, Na^O^ too, reduces the vitamin in bicar- 
bonate solution, at ph 7.5 and 25°. The reduction process, resulting in the formation of 
dihydrovitamin (X), is tentatively formuled as follows: 

NH. 01 NH, H 01 


\'= V 

I I H > 

rH,0 0 OH,— N— OOH 3 +2H 

' 1 1 il il 

N-OH HO CO a H 4 OH 

\s 

VI. 

Vitamin B, 


N=C 

'll 3 -0 0 — ('ti. — N 00H 3 

'il I! I i| 

X OH H 2 0 0 0 2 H 4 OJI 

“ \s 

X. 

I )ih vdrov it a min I >, 


Furthermore, a ‘very distinct green yellowish colour is stated to appear when 
vitamin B 2 (synthetic, I. G. Farben Ind.), in a 0.5 — 1 per cent solution, is reduced with 
hyposulfite” (Lipmann 723)). The same transient green color was observed by Lipmann 
when the vitamin is reduced with zinc dust in normal hydrochloric acid. Lipmann 
suggests that the colored intermediate may be a half-reduced thiazole (cf. Erlen- 
meyer et al. 255)) and thus a seraiquinoid radical of the kind studied by Michaelis. 
The reduction could not lie shown to be reversible (726a) *). 

Absorption Spectrum: The absorption spectrum of the vitamin, when measured 
in dilute HC1 (0.005 N), exhibits a characteristic maximum at 247 m/x (See Fig. 12). 
Peters and Philpot 925)). If, on the other hand, the spectrum of the vitamin hydro- 
chloride is measured in water as the solvent two maxima are found which may be se- 
parated as much as 50 m /*, the definition and separation being somewhat dependent 
upon the preceding treatment of the vitamin sample and the technique employed in the 


*) Mr. J. W. iioFER, in this laboratory, failed to obtain evidence for the reversibility of the 
reduction of vitamin Bj^ by hyposulfite by reductive potentiometric titration. Mr. J. L. Melnickwos 
able to confirm Lipmann’s observation concerning the reduction of vitamin 13! by activated hydrogen 
as carried out in Warbijro-Barcroft manometers. The reduction by hyposulfite fell somewhat 
short of the extent reported by Lipmann (2.76 mols. of acid an' stated to be produced in bicarbonate 
solution, 2 mols. of which are ascribed to the oxidation of the hyposulfite by the vitamin while the 
additional acid is supposed to be derived from the reduction process itself). Color tests for vitamin 
Bj and the behaviour towards ferricyanide in alkaline solution (thiochrome reaction) after the reduc- 
tion indicated the complete absence of unchanged vitamin B 1 . If, therefore, the dihydrovitamin should 
be capable of reversible reoxidation molecular oxygen seems to be an unsuitable oxidant. Experiments 
on B,-avitaminotic pigeons indicate that the reduction product obtained from vitamin by hy- 
posulfite has no antineuritio potency in amounts as high as 200y (effective dose of vitamin B lf 10 y ) . The 
green-yellow "intermediate” described by Lipmann was not detectable when synthetic vitamin 
from various sources was reduced with hyposulfite in neutral solution. Only when the bicarbonate 
concentration was insufficient to prevent acidification by the IIC1 contained in the vitamin and the 
acid formed during the reduction, such a color could be observed (near ph 8). However, hyposulfite 
alone will give rise to a green-yellow tint at such hydrogen ion concentrations. 

In contrast to the free vitamin, synthetic cocarboxylase (vitamin B t pyrophosphate) was found 
to be highly active after reduction, both in polyneuritic pigeons and in the yeast test system for 
cocarboxylase activity. Like the dihydrovitamin, dihydrococarboxylase is not autoxidizable. Alkaline 
ferricyanide converts it into thiochrome pyrophosphate. K- E. Stern. 
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measurement (Smakula 1058)). Wintersteiner, Williams and Kuehle 1342; found 
two bands, at 235 m /x and at 267 m p, both in alcoholic and aqueous solution *). Accor- 
ding to Heyroth and Loofbourow 483) this change of the absorption curve with ph 
suggests that in aqueous solution the vitamin dissociates in smaller units and that it 
also suffers partial deamination. The fact that 
simple aminopyrimidines behave in a similar 
manner seems to militate against the above inter- 
pretation. 
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The zymase or “holozyuiase" complex of yeast 
contains thermolabile, colloidal components as 
well as thermostable, low-molecular constituents. 

The first thermostable activator or coenzyme of 
this system to be discovered was the cozymase of 
Harden and Young (in 1904). There followed the 
recognition of magnesium in inorganic form as an 
indispensable constituent (Lohmann, 1981). One* 
of the component enzymes of the zymase complex 
is carboxylase which was discovered in 1911 by 
Neuberg 884) and which is able to convert pyru- 
vic acid into acetaldehyde and a-keto carboxylic 
acids in general into the corresponding lower aldehydes by decarboxylation. This reac- 
tion is not affected by the presence or absence of oxygen. Whereas in the earlier stages of 
the work on carboxylase* it was held that carboxylase did not. require a coeuzyme for its 
action, Auiiaoen, in 1932, demonstrated (44, 45, 47, 46)) that a coenzyme, called cocar - 
hoxylase, is necessary for the' function of the enzyme 1 . He showed that washing of dried 
yeast with weakly alkaline phosphate will remove a thermostable activator of carboxy- 
lase. His coenzyme preparation consisted undoubtedly mainly of adventitious matorial 
and of only a few per cent of cocarboxylase. 

Auiiaoen s work was continued and brought to a successful conclusion by Lohmann 


230 300m 

A — - 

12. Absorption Spectrum of Vita- 
min Bj (from Grewk 424)). 


and Schuster 737, 738) in Meyerhofs laboratory. The i sol at ion of the cocarboxy- 
lase was accomplished as follows: 

Boiled yeast juice, obtained from brewer's yeast (Lowenbrau, Munich, strain RS) 
is purified by treatment with alcohol. The crude cocarboxylase is precipitated from the 
alcohol-water solution by La-acetate in alkaline solution. The coenzyme is eluted from 
the precipitate by 1IN0 3 — H 2 S() 4 and the eluate is brought to weakly acid reaction by 
NaOH. Large amounts of organic impurities and inorganic phosphates are removed by 
precipitation with ethanol and reprecipitation with methanol. The purified coenzvme is 
absorbed on frankonite KL or clarit and eluted with hot dilute pyridine. After acidifying 
with HN0 3 a further fractionation is performed by precipitation with methanol-other. 
Impurities are now removed in the form of their picrolonates. Following this, adenine 


*) According to measurements by Mr. 1. L. Melmck the position of tlio two maxima at ph 7.4 is at 
235 and 265 m jx. The reduced form of the vitamin, as obtained by treatment with platinum-activated 
hydrogen, shows two maxima, at 237 and 280 m p, at the same ph. The spectrum of cocarboxylase 
changes in a similar manner upon reduction. 
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nucleotides are precipitated by 13a (OII) 2 , and an intensively greenish white fluorescing 
substance is removed as the Ag-salt. Subsequently, the cocarboxylase is precipitated 
as the Ag-salt after adding NH 3 to ph 7. The neutral silver salt is decomposed by H 2 S 
and the cocarboxylase is precipitated by phosphotungstic acid from dilute HC1. Upon 
treatment with acetone the phosphotungstate is split into acetone-soluble phosphotung- 
stic acid and the free coenzyme which is partly precipitated in crystalline form. The 
precipitate is dissolved in dilute HC1 and further purified by precipitation with acetone. 
The crude crystals are again dissolved in HCJ, precipitated with acetone, and twice 
recrystallized from dilute HC1 with alcohol. 

Crystalline cocarboxylase forms needles with a melting point of 242 -244°. It is 
roadily soluble in cold water. At neutral and acid reaction the aqueous solution is color- 
less whilo at alkaline reaction it is yellow. Upon acidifying the color disappears and the 
biological activity remains unaffected. From 100 kg. yeast 700 to 800 mg. crystalline 
cocarboxylaso hydrochloride are abtainable, i.e. about 15 per cent of the amount present 
in the original boiled yeast juice. 

Elementary analysis yields the following values: 

C, 30.85%; H, 4.53%; N, 11.72%; P, 13.00%; 8, 0.78%; Ci, 7.41%. 

This analysis fits best the empirical formula C 12 H 21 0 4 N 4 P 2 SC1. Further chemical study 
has shown that the cocarboxylase represents the pyrophosphoric acid ester of 
vitamin B r The formula, as developed by Lohmann and Schuster, is: 


N-CH Cl 

I i ii 

H 3 C-C C — (JH, — N 0— <JIJ 3 OH OH 

II II II II II 

N- (■- -NH 2 IJ\ „/C— CH*— CHa-O— L’-O-tf— OH 

II II 

O 0 



X X Cocarboxylase, 

0—0 Monophoephoverbindung. 

Fig. 13. Absorption Spectra of Cocarboxylase and Vitamin 
B x monophosphate (Lohmann and Schuster (738)). 


Upon sulfite cleavage a diphos- 
phorylatcd thiazole and a phos- 
phorous-free pyrimidine are ob- 
tained. Titration curves and the 
result of alkaline hydrolysis sup- 
port the formulation of the co- 
enzyme as an asymmetrical py- 
rophosphoric acid ester. Upon 
suitable acid hydrolysis the cor- 
responding monophosphoric acid 
ester is obtained. In aqueous 
solution, one OH-group of the 
phosphoric acid radical forms a 
salt linkage with the primary 
amino group of the pyrimidine. 
The absorption spectrum of the 
pyrophosphoric acid ester (cocar- 
boxylase) and of the monophos- 
phoric acid ester is shown in 
Fig. 13. 
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Synthesis of Cocarboxylase: Cocarboxylase has been synthesized in vitro 
from synthetic vitamin Bj and POCl 3 (Stern and Hoper 1093)). The amount of con- 
version in these experiments was rather small but quite distinct as shown by activity 
determinations in a test system containing washed dry yeast and pyruvic acid (see below). 
Higher yields may be procured by the use of pyrophosphoryl chloride (Loiimann *)) 
or of sodium pyrophosphate and orthophosphorie acid (Tauber 1143)). A procedure has 
been described whereby crystalline and allegedly pure coenzyme preparations may be 
obtained by the last mentioned method (Weijlaud and Tauber 1286a)). In several 
laboratories it has also been possible to convert vitamin B x enzymatically, at least in part, 
into cocarboxylase (Euler and Vestin 320); Tauber 1142, 1141); Lohmann and 
Schuster 738); Kinnersley and Peters 565)). Tn computing the extent of conver- 
sion the recent report of Ochoa 892) from Peters’ laboratory should be taken into 
consideration: while vitamin 1\ alone is inactive as cocarboxylase, it augments the acti- 
vity of the coenzyme in mixtures of the two substances. 

Biological Activity of Cocarboxylase: Both the natural coenzyme and 
synthetic preparations will enable yeast, inactivated by washing with alkaline phosphate 
buffer, to decarboxylate pyruvic acid. The washed yeast contains a specific bearer 
protein which is supplemented by the coenzyme to form the active “holo-enzyme’* or 
symplox. Furthermore, alkaline washed yeast regains the power to ferment sugar after 
adding the following substances: hexosediphosphate, magnesium, adenylpyrophosphate, 
cozymase and cocarboxylase (Auhagen 45); Lohmann and Schuster 738)). The latter 
authors, furthermore, find that cocarboxylase as well as the monophosphate has high 
vitamin Inactivity when tested in pigeons; and that cocarboxylase may replace vitamin 
Bj in Peters’ catatorulin test (pyruvate oxidation by brain tissue of avitaminotic 
pigeons). The possibility that vitamin Bj pyrophosphate may be the coenzyme of other 
enzymes besides carboxylase is strongly indicated by the finding of Lipmann 722, 726) 
that the respiration of alkaline washed B. Delbruckii with pyruvate as the substrate 
is increased by cocarboxylaso and still more by cocarboxylase plus riboflavin phosphate. 
The reaction products are acetic acid and C0 2 , vitamin B x has no effect. Inasmuch as no 
anaerobic decarboxylation takes place in this system, Lipmann concludes that the vita- 
min B x pyrophosphate here plays the role of the coenzyiue of pyruvic acid dehydro- 
genase rather than carboxylase. This is important, because the power of mammalian 
tissues to decarboxylate pyruvic acid anaerobically appears to be much smaller than their 
capacity to oxidizo pyruvic acid aerobically. More specifically, the removal of pyruvic 
acid by brain tissue of avitaminotic pigeons after addition of vitamin Bj (catatorulin tost 
of Peters) has been shown to be a reaction occurring under uptake of oxygen which would 
not bo the case with a purely carboxylatic mechanism **). While in yeast the vitamin B t 
pyrophosphate undoubtedly fulfills its main function as the coenzyme of carboxylase, 
in animal cells it may rather function as the coenzymo of pyruvic dehydrogenase. 
Further work in this field will bo required, particularly with reference to the specific 
bearer proteins with which the coenzymo combines to form active enzyme systems. How- 
ever, there is little room for doubt that vitamin Bj is intimately connected with car- 
bohydrate metabolism in general and with the breakdown or transformation of pyruvic 
acid in particular. 


*) Private communication. 

**) See the recent review by R. A. Peters 822) and the paper by P. Lipmann 725). 
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Carboxylase: ♦) 

This enzyme, consisting of a specific protein and cocarboxylase, has as yet not been 
obtained in pure or nearly pure state. For the purpose of testing the activity of the 
coenzyme it is sufficient to remove the natural coenzyme from dried yeast by treatment 
with alkaline phosphate; the remaining bearer protein is capable of recombining with 
the coenzyme within a ph-range of about 6 to 7. Although it is possible to obtain the 
entire enzyme complex in homogeneous solution by macerating dried yeast with water 
or phosphate buffer of ph 6 at 80° for 1 to 8 hours (Lebedew juice), most workers have 
reported a rapid inactivation of the dissolved enzyme. This fact above all seems to have 
hindered the progress of our knowledge of the protein component. 

Langenbeck and his associates have attempted a purification of the enzyme. 
Bottom yeast (Germania Brewery, Munster, and Hackerbrau, Munich) was worked 
up at low temperature. The solutions were prevented from freezing by the addition of 
0.5 vol. methanol. This permitted working at — 20°. Adventitious proteins were preci- 
pitated by tannin and the excess tannin was in turn removed by adsorption on hide 
powder. Following this, the enzyme was adsorbed on alumina gel B according to Will- 
statter and Kraut and eluted with primary phosphate. Langenbeck, Juttemann, 
Schaefer and Wrede 703) state that a 1000 fold purification of carboxylase could be 
achieved in this maimer, and they bolieve their purest preparations to be protein-free. 
The work was continued by Langenbeck, Wrede and Schlockermann 704) who 
perfected the low-temperaturo purification process with the use of methanol-water 
mixtures further. Tho earlier observation that tannic acid will remove impurities without 
precipitating the enzyme could not be reproduced with later samples of dried yeast. It 
was possible to purify the enzyme somewhat by dialyzing out impurities through cello- 
phane at low temperature ( — 17 to --20°) in water-methanol mixtures*) **). 

Schoenebeck 1032a) has also tried to purify the enzyme. He was able to stabilize 
it by the addition of glycerol. Axmacher 48a) effected a purification of carboxylase 
by fractional acetone precipitation. 


c) Ascorbic Acid. 

Ascorbic acid (Vitamin 0) was isolated independently by Szent-Gyorgyi 1117) 
from the adrenal cortex, from orange juice and cabbage and by King from orange 
juice. The substance was first designated as hexuronic acid (1112)) and later renamed 
Z-ascorbic acid (1121)). Its empirical formula is C 6 H 8 0 6 . From a simple hexose thiscom- 


*) For historical references on carboxylase see 0. Oppenheimer 002, p. 1550. 

**) Experiments by Mr. J. L. Melnick, in progress in Ibis laboratory, show that carboxylase pre- 
parations obtained from another strain of bottom yeast (Fkohberg strain, Hum, Brewery, New 
Haven) are not as labile as those studied by Langenbeck. It is quite possible to handle the prepara- 
tions at room temperature (better at 0°). While it has been possible to adsorb the enzyme on various 
types of aluminium hydroxide gels (B, Gy) the elution, even after adding glycerol, is effected only 
with appreciable losses. In a maceration juice, clarified by alumina gel (Eimkh & Amend), spinning 
in an air-driven quantity ultracentrifugo for 60 rnins. at 512 r.p.s. (65,000 g at bottom of tubes, angle 
of inclination 25°) produced an appreciable concentration gradient with respect to enzymatic activity; 
the bottom layer being almost twice as active as the top layer, while the middle third layer had an 
activity approaching that of the original solution. By adding CO-hemoglobin to yeast juice and by 
comparing the relative distribution of this pigment and of the enzyme activity after ultraoentrifuga- 
tion the molecular weight# of carboxylase was found to he about 140,000. 


K. G. Stern. 
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pound is distinguished by a system of conjugated double bonds. Its constitution, illustra- 
ted by the following formula, has been elucidated by the efforts of Haworth and 

Hirst et al. (470)), Micheel et al. 829, 830, 831), 
0 Ohlk 897), Karrer et al. 617) and Reichstein 969). 

The final proof for the structure of the vitamin was 
furnished by its synthesis by Reichstein 969) and by 
Hirst. 


i 

H— C 

I 

HO— C— H 

I 

ch 2 oh 

Strictly speaking, ascorbic acid is not an acid but a lactone with strongly acidic 
properties. The first dissociation constant, p Kal , is 4.17, the second, p Ka2 , equals 11.57. 
A third dissociation constant is larger than 14 and corresponds to the dissociation of the 
alcoholic OH-groups (121)). Ranganathan et al. 966) find that ascorbic acid, upon elec- 
trophoresis, migrates to the anode in the entire ph-range from 1.0 to 13.0, and they 
conclude that this points to the presence of a free carboxyl group in the vitamin. The 
melting point is given as 190 —191° (896)) and 188° (476)). Ascorbic acid is very soluble in 
water. The aqueous solution shows an optical rotation of [a] = + 24° (896)). 

i- Ascorbic acid crystallizes in well-formed monocline sphenoidal crystals (Cox 186)). 
The absorption curve shows only one maximum in the short-wave ultraviolet region, 
at 265 in /x, which is not, affected by irradiation (Bowden and Snow 140)). The fact 
that the peak of the absorption band is shifted towards the long- wave region as compared 
with that of simple hexoses, is correlated by Rudy 1010) with the existence of conjuga- 
ted double bonds in the vitamin. Upon oxidation the intensity of the bands decreases 
rapidly, a phenomenon more pronounced in neutral solutions than in acid solutions where 
the vitamin is more stable. By the addition of KCN the stability is considerably increased 
together with the molecular extinction (Rudy 1010)). For further details concerning the 
properties, the determination, occurrence and elucidation of the structure of {-ascorbic 
acid and its homologues the reador is referred to the review articles by Ohle 896), Mi- 
cheel 828) and Willstaedt 1336). 

d-Ascorbic acid and its homologues are of little physiological interest (cf. Ohle 896)). 

The reversibility of ascorbic acid as an oxidation-roduction system has already been 
discussed on p. 94. The first oxidation product of ascorbic acid is dehydroascorbic acid; 
and it is generally agreed that it may reversibly be reduced to the fully active vitamin. 
At higher ph dehydroascorbic acid, in turn, shows reducing properties of even stronger 
character than ascorbic acid. Oxidation in this instance leads to 2,3-dikcto-l-gulonic 
acid. The latter forms a reversible system with dehydroascorbic as the roduced form 
only at ph 5.5. to 6.5. At ph 5.5. where both reduced forms are stable, the redox potential, 
according to Borsook et al. 136), of the ascorbic acid ±> dehydroascorbic acid system 
is E 0 ' + 0.112 V. and of the dehydroascorbic acid±>diketogulonic acid system it is+0.015 
V. (at 85°). In accordance with the high sensitivity of ascorbic acid against heavy metals 
it is to be expected that the potential, especially at high ph-values, will be somewhat affec- 
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ted by the electrode material (Fruton 379)). For this reason Fruton chose the indicator 
method. He as well as Wurmser and Mayer 1364) and Ball 58a) affirmed anew the 
reversibility of the system ascorbic acid±>dehydroascorbic acid. According to Wurmser 
andLouREmo 1360), there exist, however, two potential steps as would be postulated 
from the results of JBorsook. Ball 58a) disagrees with Borsook on this point. In acid 
solution, particularly in the absence of traces of heavy metal, ascorbic acid is quite 
stable. At ph > 5.5 ascorbic acid suffers irreversible breakdown leading to a loss of its 
antiscorbutic and catalytic properties. This destruction process is not an oxidation 
(Borbook 136, 137)), since its rate is unaffected by the prosenco or absence of air, and 
since it cannot be prevented by the presence of H 2 S or glutathione. Alkaline solutions 
(ph 8.5 to 9) of ascorbic acid, however, absorb large amounts of oxygen (in the presence of 
heavy metal ions) (Euler, 265)). The following agents bring about a roversible oxidation 
of ascorbic acid: oxidation by 0 2 in acid solution in presence of ions of heavy metals or 
on charcoal (350)), also within the physiological ph-range, up toph 7.6 (Kellie 554)), by 
iodine and bromine if a large excess is avoided (cf. Roe 994a)) and finally the oxidation 
by peroxide activated by peroxidase (Tauber 1140)). The latter process occurs in the 
presence of quinones. The existence of a specific ascorbic oxidase in plant extracts 
has been claimed, but there seems still to be the possibility that this “enzyme” is in fact 
copper in loose combination with unspocific plant proteins.*) Conversely, an enzyme has 
been found in blood which reduces dehydroascorbic acid (994a)). The reaction between 
methylene blue and ascorbic acid has a ph-optimum at 5— 6 (Euler 266)). In all cases 
SH-groups either protect ascorbic acid against oxidation or they reduce the dehydro- 
ascorbic acid formed back to ascorbic acid (cf. Tauber 1140)). Ascorbic acid, obtained in 
this manner by reduction with H 2 S, is stable for several days under C0 2 at low tempera- 
ture (350)). In general, 1-ascorbic acid exhibits rather strongly reducing properties, e.g. 
towards cupric ions in acid solution or dyestuffs (303)). Nitrites but not nitrates are re- 
duced (519)). The kinetics of the oxidative catalysis by heavy metal ions has been care- 
fully studied by Barron et al. 79). The temperature coefficient of the oxidation of as- 
corbic acid by 0 2 as catalyzed by Cu ++ , Q 30 , within the range 27 to 87°, is 1.65. Other 
details concerning the reaction will be found on page 67. 

According toPANTSCHENKo-JuREwicz and Kraut 916) and Mosters 835), ascorbic 
acid is probably the agon of esterase, a claim that still remains to bo proven. 

Appendix : 

Reductones: The reductones were discovered by Wurmser 37, 1356, 993, 1361, 
1360) who described them under tho name “glucide X” and later “redoxin”. They were 
subsequently studied by Euler and his associates and renamed reductones (302)). 
These substances are related to ascorbic acid both in structure and properties. 

Wurmser et al. observed that buffered sugar solutions will develop very negative 
potentials when stored under anaerobic conditions (p. 59). Furthermore, Euler and 
Klussmann 301) found that the reaction of alkali with sugars with a free carbonyl 
group (aldoses and ketoses) at elevated temperatures yields strongly reducing substan- 
ces for which they coined the collective term reductones. Euler and Martius 306) 
were able to isolate the reductone from glucose, gluco-reductone, in crystalline form. 
It has the empirical formula C 3 H 4 0 3 and a molecular weight of 88. It shows the same 
elementary composition as pyruvic acid or ascorbic acid. The compound decomposes be- 


*) Details will be found in Oppenheimer’b “Supplement”, p. 1587. 
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tween 200 and 220° and is distinguished by its high reducing power, particularly in 
acid solution. Solutions of Ag + - and Cu + *-salts, permanganate or HI 2 -I are reduced al- 
most instantaneously, while methylono blue in phosphate buffer of ph 7.2 is rapidly 
reduced to the leuco base. The absorption Bpectrum is similar to that of ascorbic acid: 
the peak of the absorption band is found at 2(‘>8 in /x at ph 2 4 and at 287 m/x at ph 

5.7 and 10. Upon oxidation tho maximum shifts slightly to 280 m ft (Wurmser 1365)). 
the solutions react strongly acid and lend themselves to acidimetric titration (305)). 
Inasmuch as the reductones do not contain free carboxyl groups, Ruler 306) attri- 
butes their strongly acidic character to their particular onolic configuration. When 
studiod manometrically in alkaline solution, tho reductones will show an oxygen uptake 
at least equal to that of ascorbic acid (265)). 

Tho constitution of reductone is that of an enol-tartronic dialdehyde, HO— OH 
C(OH) — OHO (305, 306, 970)). It forms a reversible oxidation-reduction system (1365)). 

While reductones are most readily formed from dihydroxy acetone and from glycoric 
aldehyde, they may also be obtained in yields from 5 to 8 per cent from glucose, maltose, 
fructose, arabinoso, mannose, galactose (Ruler et al. 303)) and also from xylose (301, 
305)) by heating for 2 mins, to 90° in alkaline solution. Although the reductones show a 
chemical behaviour quite similar to ascorbic acid, they have no antiscorbutic activity 
(303)). Their occurrence in biological material suggests a physiological function of the 
reductones, perhaps in oxido-reductive processes in muscle (Wurmser) or in carbohy- 
drate breakdown in yeast where reductones have been found by Ruler and Klussmann 
300). In model systems with methylene blue as acceptor the reductones react as powerful 
donators. The reduction of methylene blue by reductones is accelerated by KCN and 
phosphate (264)), while their oxidation by 0 2 in presence of heavy metals is inhibited 
by these agents, as would bo expected (764)). 

Analogous substances with a similar absorption spectrum (maxima between 265 
and 290 in fi) are produced by irradiating aqueous solutions of glucose, fructose, ara- 
binose, glycerol, sorbit and glucosamine with ultraviolet light at temperatures below 
20° (Holtz 493)). They are likewise reversible redox systems and show the same behaviour 
towards dyestuffs and physiological donators as the reductones (493, 491, 113)). Accor- 
ding to Euler 264), carboxyl-free dicarbonyl sugars, formed in tho course of biological 
carbohydrate breakdown, may also act as reductones. A similar substance, “reductinic 
acid”, was obtained by Reichstein et al. (970)) upon energetic acid treatment of pectin 
and galacturonic acid in beautiful crystals which had the empirical formula C 6 H 6 0 3 , 
melting point 213°, and also strongly reducing properties. The compound probably has 
the structure. 
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which is analogous to that of ascorbic acid. Another, similar substance has been isolated 
by Ott et al. 911) from adrenal cortex (beef). It simulates ascorbic acid in its reducing 
and general chemical properties and is stated to show vory faint antiscorbutic activity; 
there is an appreciable difference, however, with regard to chemical composition: 
C, 25,86%; H, 5.97%; N, 5,2%; P, 0.55%, Rest O. 
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3) Nucleotide Coenzymes and Enzymes. 

Introductory remarks: Just as in the case of the homins, it is proposed to 
discuss in this section several chemically related substances in spite of the fact that, 
when combined with various specific bearer proteins, the enzymes thus formed will 
exhibit sometimes a very different type of specificity. 

The chemical relationships between the agons of certain dehydrogenases and phos- 
phorylases have only recently been uncovered by Warburg and by v. Euler and their 
colleagues. The common feature of the enzymes in this group is that they consist of an 
adenine nucleotide as coenzyme in combination with a specific protein. The coenzyme 
may represent an adenine mononucleotide or an adenine dinucleot.ide, containing nico- 
tinic acid amide or flavin as additional important components: 

TABLE 14. 


Mononucleotide . 

1 

Adenine- (furano) ribosido-5-tri- 
phosphorie acid 

Cophosphorylase (Meyerhoe- 
Loiimann’h 
Coferment) 

Dinucleotides . . 

Adenine- (furano) ribosido-5-di- 
phosphoric acid-(furano) riho- 
sido-nicotinic acid amide 

Co dehydrogenase l. (Oozymase) 


Adenine- (furano) ribosido-5-tri- 
phosphoric acid-(furano) ribo- 
side-nicotinic acid amide 

Codehydrogenase 11. (Warburgs 
Cofermont) 


Adenine-flavin-dinucleotide 

Coenzyme of d-Alanine oxidase 


Even in the most recent literature*, there exists a considerable confusion with regard 
to nomenclature, almost each school or laboratory using their own terms to the point 
of exclusion of others. In the present text the new nomenclature of Euler 282, 283) will 
be preferred in general, although other terms will also be given. 

According to Euler, the total enzyme complex or holo dehydrogenase consists 
of the apodehydrogenase (pheron = bearer protein — zwischenferment of War- 
burg = dehydrogenase* of the English authors in earlier publications) and of a codehy- 
drogenase (agon ■= coenzyme or coferment, in some instances identical with cozymase). 

In the future, the pyridine enzymes may have to be classified as vitazymes in 
view of the recent discovery that nicotinic acid or its amide or a closely related sub- 
stance represents the anti-pellagra principle of the vitamin B complex (Elvehjem, 
Smith). According to Euler and coworkers, cozymase is a water-soluble vitamin factor 
promoting the growth of rats. A discussion of these interesting relationships is outside 
the scope of this monograph. For the present, the grouping of the pyridine enzymes 
together with the simple adenine nucleotide enzymes has been retained on account of 
their close chemical relationship. 
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TABLE 15. 

Survey: 

Coenzyme 

Protein Bearer 

Enzyme Complex 

Diphosphopyridine nucleotide 
(cozymase. coferment. I) 

\ Protein A 

Alcohol dehydrogenase 


\ Protein B — 

Lactic acid dehydrogenase 


F Protein C -= 

Glyceric aldehyde phosphoric acid 
dehydrogenase 

Tr iphosphopy r id in e n u c leot i d e 
(Coferinent IT) 

| Protein D - 

Hexosemonophosphate (Robison 
ester) dehydrogenase 


F Protein E. =- 

Glucosedehydrogenase of Harri- 
son (?) 

Adenine-flavin-*) dinucleotide 

f Protein F == 
-(- Protein C — 

d-Alanine oxidase 
Dihydropyridine dehydrogenase 

Flavin nucleotide *) 

+- Protein H = 

Xanthine oxidase 

Adenosine t.riphosphorice acid (ade- 
nyl pyrophosphoric acid, co- 
phosphorylase) 

F Protein 1 ~ 

Phosphor ylase 


a) Pyridine Coenzymes. 

Diphosphopyridine Nucleotide 3 **) (Cozymase, Codehydrogenase 1): 

Ab shown in the above schema, this nucleotide is the agon of several hydrogen- 
transferring enzymes. While it is now mainly designated as cohydrogenase I or diphos- 
phopyridine nucleotide, the best-known term for this substance is cozymase, referring 
to its essential role in alcoholic fermentations as a supplement to the zymase complex. It 
was discovered in 1904 by Hakden and Young. Other synonymous names are coferment 
of fermentation (Warburg) and coreducase (Euler) (see 314). The hydrogen transfer 
is brought about by the reversible reduction and reoxidation of the pyridine moiety of 
the coenzyme. 

The compound has as yet not been synthesized. Natural preparations of a high degree 
of purity have been obtained, e.h. from yeast (Euler) and heart muscle (octioa 891a)). 

*) These flavin-containing eoenzyines have already been discussed on p. 180 and 197. 

**) Reviews: Harden 450); Myrback 840, 856); Eulkk 260). For a discussion of the function 
of cozymase see also Oppenheimer’s “Supplement”, p. 1404 — 1410. 
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While W akburg 1253) prefers red blood cells to yeast as the starting material, Euler and 
Schlenk 317) consider yeast as the best source. The coenzyme isolated from animal 
organs is identical with that present in yeast 853)). Cozymase is a chemical individual, 
independent of the source (cf. 289)) It is a colorless and readily water-soluble 
substance (317)). 

Purification (cf. Euler 260)): Both bottom and top yeast may be used as starting 
material, providod that the cozymase content is not too low: The ACo of the fresh yeast 
should not be lower than 1.50 (see below for explanation of term ACo). 

The washed and pressed yeast is extracted by stirring it into warm water and main* 
taining a temperature of 80° for about 5 mins. This treatment thermoinactivates enzymes 
capable of splitting cozymase but it does not harm the coenzyme. After cooling, the sus- 
pension is filtered or centrifuged. The first step consists in a precipitation of inert pro- 
tein material by lead acetate (Harden). The supernatant solution is freed from lead by 
H 2 S and the latter is driven off by a neutral gas. The coenzyme is precipitated by mercuric 
nitrate and the Hg-complex is decomposed by HgS. The next step consists in precipitation 
of cozymase by phosphotungstic acid. After decomposing the precipitate with H 2 S0 4 - 
containing amylalcohol-ether, the liberated coenzyme is precipitated by AgN0 3 + NIL*. 
The silver salt is decomposed by H 2 S and the Cu + ~salt is formed by adding CuCl in 
HC1. The copper salt is decomposed by H 2 S and the coenzyme is precipitated in 
highly purified form by alcohol. At this stage the ACo-value is about 400,000 and the 
loss of coenzyme from the beginning amounts to 75 %. Still further purification may be 
accomplished by fractional precipitation with alcohol, adsorption on activated A^Oj 
and elution, precipitation from HCl-methanol solution by ethyl acetate or treatment 
with barium hydroxide plus lead acetate. The last steps serve for the removal of small 
amounts of codohydrogenase II and cophosphorylase. The adsorption method increases 
the activity maximally to ACo = 600,000 which represents the most active cozymase 
preparation yet obtained. 

The purity of cozymase is still preferably determined with the aid of the classical 
method of activation of fermentation (846)) in the presence of an excess of normal apo- 
zymase, the C0 2 liberation at 30° being proportional to the coenzyme concentration. In 
view of the fact that the result is somewhat affected by the properties of the particular 
apozymase used (310)), Myrbaok 867) prefers to ascertain the degree of purity of cozy- 
inase by chemical methods, eg. by the hypoiodite consumption. The cozymase un ; t (Co), 
as defined by Euler and Myrback, is that amount of coenzyme which under specified 
conditions will liberate 1 cc. of C0 2 per hour. The degree of purity is expressed by 

cc *C0 2 /hour 
g-dry weight’ 

The purest cozymase preparations of Euler and his associates had an A Co value of 
400,000 (282, 283, 259)) and more recently even of cv 650,000. The latter preparation was 
completely free from adenosine phosphoric acids and codehydrogenase II (triphospho- 
pyridine nucleotide). 

Chemical Constitution: The elucidation of the structure of cozymase has pro- 
gressed through the isolation of the various constituents in the form of smaller or larger 
breakdown products of the coenzyme. Adenine was demonstrated in the molecule by 
Euler and Myrback 309) who found at first 28 % and later 19 % (cf. 259). Myrbaok 
and Ortenblad 865) discovered the presence of two further N-atoms besides those of 
adenine. Warburg and Christian 1253, 1250) and about simultaneously Alberb, 



DIPHOSPHOPYRIDINE NUCLEOTIDE 


215 


Sohlenk and Euler 19, 282, 283, 259) identified cozymase as a dinucleotide with one 
purine (adenine) and one pyridine (nicotinic acid amide) nucleus. Cozymase contains 
8 % P, the ratio between P and mole carbohydrate being 1 : 1 and the number of P- 
atoms in cozymase being 2 (1250, 309, 282, 283, 259)). Contrary to an earlier suggestion 
(Euler 269)) the molecule is free from sulfur. The carbohydrate is a pentose (308)) and, 
more specifically, d-ribose since deamination yields inosinic acid (847)). Upon hydro- 
lysis 2 moles of ribose phosphoric acid are liberated per molecule of cozymase (Sciilenk 
1016)). According to Euler, Karrer et al. 299) the phosphoric acid is linked to the 
ribose in 5-position in both instances. 

The ultimate proof for the detailed structure of cozymase is still lacking. Euler and 
Sohlenk 316, 1022) give the empirical formula as C 21 H 2 7 N 7 P 2 Q 14 and suggest the follo- 
wing structural formula (1022)) as the most probable one: 


N£L> 

i 

CO 


/ 


O — . 

HH I H 
N-C-C-C-C-C-O- 
H | | HH 
HO OH 

O— 


0 

It 


0 


H 


- 0 - 

HH 


N= 

L 

i 


= CH-N 

II 

: c — C — NH» 


O-P-O-C-C-C-C-C-N 


N 


HH || H \ CH / 
OH HO OH 


The essential feature of this particular formula is that it is assumed that one phos- 
phoric acid residue forms an inner salt with the basic N-atom of the pyridine ring with 
the aid of an O-atom. This would explain why cozymase appears to be monobasic. 
Furthermore, this formulation would be in agreement with the assumption of Myrbaok 
865) that cozymase contains a lactone ring. 

Mykbaok 856 ) agrees with the formula of Eulhk and Sohlbnk in principle, but he 
prefers to write it slightly differently, with an open lactone ring, 0“ and N f : 


NH> 


CO 


s~ 

\,- 


/ 


-0—. 0 0 
H H H 
N-C-C-C-C-C-O-P-O-P-O 


H | 

HO 


| HH 
OH 


~0 OH 


N= 

I 

, — o — -. 

H | HH| | 
-C-C-C-C-C-N 
HH | | H \ CH / 
HO OH 


:CH-N 


C~ 


-C — NHg 


The same way of writing the formula has now also been adopted by Euler and Schlbnk 
317). On the basis of the observation that acid is liberated upon reversible hydrogenation 
of cozymase, Warburg and Christian 1255) suggested the following structure for the 
pyridine nucleotide moiety of the coenzyme: 


NHg 

i 

CO 

i 

/■ ' \ 


OR' 

/ 

N — OP— 0 

\ 


V, . 

R OH 

where R represents the pentose residue and R' another sugar residue. This formulation 
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has at the present only historical interest, particularly since Kahrer et al. 525), with the 
aid of model experiments, arrived at the following formulation of the reversible reduction: 


NH 2 


nh 2 


CO 

\= 


. • o - 

HO OH 

, + I H 

v N-C-C-C-C-C-0-0 3 H, 

H HHHH 


1- h 2 

+ 0 


CO 


, O ; 


I h 2 

/ \ 

\=/ 


HO OH 

III H 

N-C-C-C-C-CM)--? ( ) 3 ( N a 2 ) 
HHHHH 


This formulation takes into account that the reduced form is capable of existence only 
in alkaline solution. 

The existence of a pyrophosphate link in cozymase as shown in the formula of Euler 
et al. lias recently been experimentally proved by the isolation of adenosine diphosphoric 
acid from cozymase after alkali treatment (Euler, Schlenk and Vestin 318)). 

Ultimate proof for the structure of the coenzyme will consist in a synthesis of the 
compound by an unambiguous method. 

Reversible Hydrogenation: The phenomenon of reversible hydrogenation of 
cozymase is of fundamental importance for the catalytic action of the pyridine enzymes. 
Warburg discovered (1251, 1255)) the reversible oxidation-reduction of the pyridine 
nucleus contained in the coenzyme. Upon hydrogenation the quarternary nitrogen atom 
of the pyridinum base is reversibly changed into trivalent nitrogen, the N=0 double 
bond being saturated (255)). After preliminary model experiments by Kahrer and War- 
burg 532), Karrer and his students 625, 528, 520, 530, 531) have carried out extensive 
studies of this reaction in a number of model systems. The most important model sub- 
stance is the nicotinic acid amide iodomethylate, which behaves like cozymase and also 
like codehydrogenase II with regard to light absorption, fluorescence, color, etc. (530)). 
Both the oxidized and the orange colored dihydro form w r ere prepared in pure state by 
Karrer to formulate the structure and the reduction of the pyridine part of cozymase 
in the manner indicated above. It is noteworthy that the free nicotinic acid amide with 
tertiary nitrogen is not reduced by Na^O*, in contrast to cozymase, the iodomethylate, 
or trigonellin which is the methylbetain of nicotinic acid: 


0 


/ 

C O 


/' 

\ 


v 


Ns 


Vh, 


The dihydroform of trigonellin, just like that of cozymase, is reoxidized by the yellow 
ferment (Warburg 1265)). 

In the course of the reversible reduction of cozymase by Na 2 S 2 0 4 in weakly alkaline 
solution an orange colored substance is formed (530, 1255)) which upon dehydrogenation 
may be changed back into the original cozymase. This orange colored form was observed 
by Warburg and Karrer during the reversible reduction of model compounds and sub- 
sequently by Euler et al. 11) upon reduction of cozymase with Na^C^ in bicarbonate 
buffer (ph = 7 — 8) and of holozymase (or cozymase + apohydrogenase) by suitable 
donators. According to Euler et al. 11), it is important whether the reduction is carried 
out in weakly or in strongly alkaline solution: in the first case the orange form is only an 
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uteri Mediate step in the reduction process, while in the latter it is a stable end- 
>roduct. Perhaps the orange form represents a semiquinoid radical which in acid or neu- 
ral solution yields unchanged cozymase. Hellstrom 474), in agreement with this view, 
onsiders the yellow stage to be monohydro-cozymase. 

The formation of the transient yellow stage could not be observed in the case of tin* 
node] compounds of Karrer 520). His orange and yellow dihydropyridine compounds 
.re irreversibly changed upon acidification (525)) as evidenced by the changes in the ab- 
orption spectrum (see below). Dihydrocozymase, too, will yield only 20 % unchanged 
ozymase upon acidifying the solution after reduction, while 80% is irreversibly destroyed. 
l discussion of the relationship of the various forms, as suggested by Euler and his 
ssociates, will be found in MviiBacKs article 856). 

Dihydrocozymase may be reoxidized to cozymase by acetaldehyde in the presence 
f its bearer protein (Warburg), by the yellow enzyme + 0 2 , and by the “coenzyme 
ictor M of Dewan and Green (see below). It is stable towards methylene blue (268)). 
according to Adler, Hellstrom and Euler 11) dihydrocozymase formed by the action 
f Na 2 S 2 0 4 , but not that produced by enzymatic reduction, is stated to be slightly auto- 
idizable with a ph-optimum at about 6. It. may be, however, that the reoxidation in this 
ise is brought about by peroxide-like substances formed by the oxidation of N& 2 S 2 0 4 . 

Cozymase is irreversibly reduced with catalyt.ically activated hydrogen (MYRBacK 
54)). Under these conditions 6 hydrogen atoms are absorbed per molecule of coenzyme 
{arrer and Warburo 532)). 

Green and Dewan 417) have studied the oxidation and reduction of cozymase on 
ifferent bearer proteins and by various reagents by means of a spect.rographic method, 
hey find that dihydrocozymase is not autoxidizable and that it is dehydrogenated by 
avin and the yellow enzyme (flavoprotein). They estimate the position of the normal 
stential E ' c at ph 7.7 as close to - -0.270 V. 

Karrer et al. 530) report for the reversible reduction product of nicotinic acid 
nido iodomethylate the extremely negative potential E — — 0.450 V. at ph 8.58 and 
)°. At lower ph-values decomposition takes place. The attachment of a sugar residue 
minishes the reducing power of nicotinic acid amide considerably. 

Clark 171) has recently used the data of Euler et al. 272) on the establishment of 
i equilibrium between cozymase and the lactate system for a calculation of the approxi- 
ate placement of the potential curve of the coenzyme on the redox scale. Although 
) admits that the selection of the lactate systems as a reference system is not very favo- 
ble for this purpose, an indication of the validity of the treatment, is found in the fact 
at the slope of the E' 0 /ph-curve is roughly that to be expected of the process Ox* -f- 
~f 2H + ±£Reductant. The calculation yields a value of — 0.325 V. for the normal 
dential, E' 0 , of cozymase at ph 7.4 and of —0.361 V. at ph 8.7. The change in potential 
r ph-unit averages to 0.028 V. as compared with 0.029 V. for a two-electron 
stem. In analogy to other chromoproteids, the attachment of cozymase to a protein 
arer will probably render the potential still less negative. The sugar residues themselves 
cozymase show no reducing action: they are firmly bound and are split off only upon 
ergetic acid hydrolysis (Myrback 852)). They can, therefore, affect the potential only 
iirectly, by changing the energy of the whole molecule. The behaviour of various 
zymase models towards oxidizing agents is described in Karrer’s 525, 630, 11) 
pers. According to Hellstrom 474), monohydrocozy mase has a potential more 
gative than hydrosulfite. This renders potential measurements in cozymase-hydro- 
Ifite systems very difficult. 
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Absorption Spectrum and Fluorescence: 

Cozymase has a well-defined absorption maximum at 260 m/z (Warburg and 
Christian 1256); Myrbaok and Euler et al. 859, 279)). Hydrogenation causes the 
appearance of an additional broad band at 320 — 360 m /z with a maximum at 340 m p, 
which disappears again upon dehydrogenation. It does not matter whether the reduction 
and reoxidation is brought about by chemical reagents (Na^O*) when working with 
pure cozymase or by biological donators (carbohydratos) and acceptors (acetaldehyde) 
when working with the entire enzyme system (coenzyme plus specific protein) 
(Warburg and Euler). 

The peak of the "dihydro-band” of the iodomethylate is situated at 360 m p and 
that of trigonellin at 350 m/z. In all instances the new absorption band disappears not 
only upon reoxidation but also upon acidification. Under these conditions the iodomethy- 
late, trigonellin, and codehydrogenase II will exhibit a new band at 295 m /z (Karrkr 
630); Haas 431)). Arabinosido- anf xylosido-dihydro-nicolinic acid amide, the "dihy- 
drobands'' of which are at 340 m /z,show a band at 275 m /z in acid asolution(525)). All 
this points to an irreversible change suffered by the dihydroforms upon acidifying 
their solutions (Warburg, Kaiirer, Euler). Euler et al. 11) failed to observe the 
band at 295 in /x: instead they found a small maximum at about 300 m /z. This may 
partly be duo to the fact that, according to Haas 431), the band at 295 m /z is observed 
only in the presence of sulfite. The "yellow stage” shows a broad band at about 360 in /z 
II). The "dihydro-band” of cozymase disappears upon dehydrogenation by yellow 
enzyme and by acetaldehyde (in the latter case only in presence of apodeh vdrogenase) 
(Euler et al. 279)). 

While the pyridine compounds in the oxidized form show no fluorescence, all dihy- 
dropyridine compounds exhibit a strong whitish fluorescence when irradiated with fil- 
tered ultraviolet light. This makes it possible to follow the oxidation-reduction of the 
pyridine compounds by carrying out the reaction before an analytical mercury vapor 
lamp (Warburg 1251)). Acidification and the consequent destruction of the dihy- 
droforms abolishes the fluorescence. 

Physical and €hemical Properties o! Cozymase: 

The molecular weight of cozymase is as yet not definitely established. Warburg 
1255) estimates it to be close to 700. The empirical formula given by Euler and Sohlknk 
(see above) corresponds to a molecular weight of 663. Experimental determinations yield 
somewhat lower values (850, 861, 858, 313, 312)). 

Cozymase passes the usual dialyzing membranes (313, 889, 450, 308)). It is not 
adsorbed by silicic acid (889)) nor by A^OHj) from acid solution, but it is strongly 
adsorbed by the latter at ph > 7 (889, 311)). A1 2 0 3 adsorbs cozymase less strongly than 
codehydrogenase II (276)), thus enabling a separation of the two closely related substan- 
ces (see below). Cozymase is not precipitated by most heavy metal salts or alkaloid 
reagents (cf. Myrbaok 856)). 

Cozymase is weakly optically active: the specific rotation is about — 70° for the 
green mercury line (862)) and about — 20° for the red cadmium line (859)). Thermal in- 
activation (heating for 1 hour) decreases the optical activity to — -10° (859)). 

The coenzyme is strongly acidic: it titrates as a monobasic acid (v.Euler and Schlenk 
1022,317); Meyerhof et al. 797)) contrary to earlier findings of Euler et al. 259)). The 
isoelectric point of cozymase is at ph3.1. Below ph 3.1 cozymase will migrate to the 
cathode and behave as a monovalent base with a pK B of about 10 just like adenine. 
Cozymase exhibits, therefore, amphoteric properties (797)) and may be treated as an 
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acid only above ph 3.1. Upon heating in alkaline solution a second acidic group is un- 
covered '(864, 851, 865)). 

In alkaline solution, particularly at elevated temperatures, the coenzyme is rapidly 
destroyed (866)) whereas dihydrocozyniase remains unchanged when heated for 30 mins, 
to 100° in 0.1 N. NaOH (11)). In acid solution, cozymase is quite stable (854)) while dihy- 
drocozymase is instantly destroyed by acid (see above). This difference in stability of the 
two forms towards acid and alkali may serve for the determination of the equilibrium 
between the oxidized and reduced form in living cells (7)). The optimum of stability at 
room temperature is at ph 3 — 4 (289)). At higher temperatures (up to about 70°) cozyrnase 
is quite stable, particularly in acid solution; at still higher temperatures and particularly 
at higher ph the coenzyine is inactivated (cf. 856)). At about 80°, and especially in weakly 
acid solution, cozymase is markedly more stable than codehydrogenase II (290)). When 
kept at higher temperatures and for a longer period (1 hour at 100° at ph 3.5 or for a 
shorter period in alkaline solution) cozymase decomposes (857)), perhaps with the for- 
mation of adenosine phosphoric acid since Euler ot al 290, 322) observed an increase in 
the effect on glycolysis and “umphosphorylierung” with a simultaneous decrease in 
cozymase activity (see also 270) and 291)). 

It appears that under the influence of alkali cozymase breaks down into nicotinic 
acid riboside and adenosine diphosphoric acid (1201, 316, 318)). Thus the “cophosphory- 
lase” formed by alkaline inactivation of cozymase (1024), cf. p. 223) is very probably 
adenosine diphosphoric acid. Whether the reaction products formed by acid hydrolysis 
of cozymase may also act as cophosphorylase (1021)) and whether the active component 
is different from adenosine phosphoric acid (272)) is not quite clear (1021)). (See also 
the hydrolysis experiments by Euler and Gunther 291)). In any event, pure cozymase 
itself is probably inactive as cophosphorylase, contrary to earlier findings by Vestin 
1199). The same holds for the substance formed by acid inactivation of dihydro- 
cozymase (272, 277))*). 

Ultraviolet light inactivates cozymase rapidly in dilute solution (1014)) with pre- 
servation of the cophosphorylase activity. The coenzyrao is relatively stable against 
oxidizing agents, even H 2 0 2 , in acid solution. H 2 0 2 in presence of traces of iron, hypo- 
bromite (856)) and also hypoiodite inactivate cozyrnase rapidly, 6 atoms of I being ab- 
sorbed by 1 molecule of coenzyme (852)). Iodino itself, in acid solution, is unable to attack 
cozymase (855)). Nitrite causes slow deamination (848, 858, 857)). When the NH 2 -group 
on the adenine part of cozymase is removed by treatment with HN0 2 , the resulting 
desaminocozymase shows 1/3 of the activity of cozymase (1025a)). 

While cozymase is stable towards most enzymes (863)), it is readily attacked by 
phosphatases (848, 867, 847)). Schlenk, Guntiier and Euler 1025) have rocently 
subjected cozymase to the action of emulsin preparations containing nucleotidases with 
a ph-optimum in weakly acid solution and free from nucleosidases (prepared according 
to Bredkreck and Helferioh). The reaction yields two nucleosides, namely adenosine 
and a nicotinic acid amide nucleoside (probably nicotinic acid amide riboside). This 
nucleoside is unable to replace cozymase in alcoholic fermentation, and attempts to effect 
an enzymatic resynthesis of cozymase from the nucleoside plus adenosine, adenylic acid, 
adenosinedi- and triphosphoric acid in presence of apozymase have thus far failed. En- 
zyme preparations from pancreas and castor oil seeds but not the lipase contained in the 
latter will also split cozyrnase (262)). After the death of the cell cozyrnase is rapidly 


*) See, however, Oppenheimer’h “Supplement” p. 1402. 
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destroyed by autolytic enzymes. This enzymatic breakdown proceeds in a manner 
different from that in alkaline solution and goes probably further than the liberation of 
adenylic acid which itself is also decomposed in tissues (292)). Further literature on this 
subject will be found in Mykback’s compilation (856)). 

Triphosphopyridine Nucleotide: 


(Warburg's Coferment, Oodehydrogenase II)*) 


This coenzyme, like cozymase, owes its ability to transfer hydrogen to the presence 
of a pyridine nucleus in its molecule. According to Warburg 1266, 1253), it is a triphos- 
phopyridine nucleotide and thus distinguished from cozymase by the presence of a third 
phosphoric acid residue (1269)). It was first isolated from the red blood cells of the horse 
where it is combined with a specific protein ("Zwischenferment”) to form a hydrogen 
transferring enzyme capable of dehydrogenating hexose monophosphate (Robison- 
ester) (1269, 1258)). It, is probably identical with Harrison’s glucose phosphate dehy- 
drogenase. 

Constit ution: The first structural formula proposed for codehydrogenase II by 
Warburg 1255) was as follows.: 
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K and 1C designate pentose residues. Euler and Schlenk 317), on the other hand, 
formulate the coenzyme in analogy to cozymase in such a manner that all three phospho- 
ric acid groups are lined up in a triphosphate linkage: 
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Inasmuch as adenosine triphosphoric acid has not, yet been isolated as a breakdown 
product the formula is still hypothetical. 

The determinations of the electrophoretic mobility of codehydrogenase II by 
Tiikorell 1149) indicated only two dissociation constants: p ki = 1-8 and p^ 2 = 6.1. 
According to these findings, the coenzyme is only dibasic and one of the free OH-groups 
of the phosphoric acid residues is either linked to the pyridinium nitrogen atom, as is 
probably the case in cozymase, or to the NH 2 -group of the adenine nucleus. The latter 
possibility is supported by the failure of Theorkll 1149) to detect free basic groups in 
the molecule and by the resistance of the coenzyme towards nitrite (Warburg and 
Christian 1259)). Inasmuch as an addition of boric acid does not increase the acidity 
of the molecule, conjugated OH-groups are probably absent (Theohell 1149)). Other 
measurements of Theorell 1150), on the other hand, indicate that each stage of dis- 


*) Reviews : Warburg 1285 ): W. Schi.f.nk 1017 ) 
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sociation corresponds to 2 H-ions which would suggest that the whole molecule is 
tetrabasic. 

Absorption Spectrum: Codehydrogenase II. has the same characteristic hand 
at 260 m/x as has cozymase. There is also complete analogy in the spectral changes 
accompanying the reversible reduction by Na^C^ or by hexosemonophosphate in pre- 
sence of the bearer protein (Zwischonferment of Warburg). The “dihydro-band” is 
situated at 645 m/x (1295, 1253)) and the dihydroform exhibits a white fluorescence 
when irradiated with filtered ultraviolet light (1255)). Historically speaking, all important 
features of these pyridine coenzymes where first discovered in the case of the code- 
hydrogenase II and most of the subsequent work on cozymase by Warburg and by 
Euler was “mr Anahfjiearbeit" (Warburg 1235)). Upon irreversible hydrogena- 
tion with Pt-H 2 in alkaline solution 6 H-atoms are absorbed per coenzyme molecule 
arid no “dihydro-band” appears (1259)): The pyridine nucleus is reduced to piperidine 
which has no selective absorption in this range; this reduces the height of the band at 
260 m/x to the value corresponding to the adenine component only (1259)). Upon 
destruction of the ddiydroform by acid the “dihydro hand” is abolished and a band at 
295 m/x appears (Kaurer 530) ; Haas 131)). This bund, too, is stable only in presence 
of sulfite (431)). 

Preparation: The coenzyme was first isolated trorn red blood cells by Warburg 
and Christian 1259). I die centrifuged cells are cvtolyzed with water. An acetone frac- 
tionation is followed by precipitation with mercuric -acetate and as the barium salt. The 
latter step permits the removal of most of the accompanying adenylic acid and cozymase. 
Further purification is accomplished by precipitation of the codehydrogenase II bv 
ethyl acetate from HOl-methanol solution and by fractionation with lead acetate. The 
fluorescence originally observed (1149)) is due to an impurity (1247)) which may he 
removed by oxidation with Er 2 (1253)). Attempts to effect a purification by electropho- 
resis were not successful (Thkorell 1 149)). 

Codehydrogenase II may also be obtained from \east by working up the mother 
liquor remaining after precipitating the cozymase as the cuprous salt (Euler and Adler 
276)). A separation of the two coenzymes may also he brought about by chromatographic 
analysis on an A1 2 0 3 column: codehydrogenase II is more strongly adsorbed than cozy- 
mase and accumulates in this upper layers of the column from which it may be eluted by 
treatment with m/50 to m/100 K1I 2 P() 4 at elevated temperature (276)). Furthermore, 
codehydrogenase II, in contras! to cozymase, is precipitated hv lead acetate (259)). 
Another possibility is the difference in solubility of the Ha-salts in water after adding 
alcohol (Warburg). In this manner it is also possible to separate the two pyridine coen 
zymes from cophosphorylaso (1253)). 

The degree of activity and of purity of the codehydrogenase is determined by com- 
parison with a standard preparation in a test system containing the specific protein 
bearer, Kobison ester and yellow ferment, or by determining the amount of hydrogen 
taken up upon irreversible hydrogenation in m/10 borate buffer w r ith platinum black as 
catalyst. Another method consists in determining the extinction at the maximum of 
the “dihydro-band” after reversible hydrogenation (1259)). 

Composition and chemical properties: Elementary analysis yields the empi- 
rical formula C 21 H 28 N 7 0 17 P 3 (Warburg and Christian 1259)), corresponding to 1 
mole adenine, 2 moles pentose, 3 moles phosphoric acid, 1 mole nicotinic acid amide, 
minus 6 H 2 0. The content in adenine, as determined directly, is about 17 %, in nicotinic 
acid amide 15—16 % (1255)). The latter was first isolated in the form of the picrolonate 
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and later as the hydrochloride (1248)). Another empirical formula put up for discussion 
by Warburg and Christian 1253) is where one of tho sugar residues 

would bo a pentose and the other a hexose. The molecular weight as calculated from the 
first formula is 743 and from the second 791. The value actually found by cryoscopy is 
875 (Warburg and Christian 1259)). 

The coenzyme is readily soluble in water and in anhydrous methanol in presence of 
strong acids. It has not yet been obtained in crystalline form (1259)). The various precipi- 
tation reactions are listed by Warburg and Christian 1259) and Schlenk 1017). The 
compound is stable in alkaline solution but it is almost, instantly destroyed in acid 
solution (1259)). Ultraviolet light causes rapid destruction (1249)). In muscle tissue about 
85% of the codehydrogenase is inactivated in 1 hour and 94% in 3 hours (273)). The 
split products thus formed have not yet been identified. 

Preparation of Codehydrogenase II from Codchydrogonase T (Co- 
zymasc): 

Euler and his associates have lately described experiments indicating a trans- 
formation of cozymase into codehydrogenase II. When eozymaso is treated with POCl a 
(Schlenk 1020)), a product is obtained capable of replacing codehydrogenase II in the 
test system for the dehydrogenation of Robison ester. Tho extent of conversion of co- 
enzyme I into coenzymo II is small under those conditions. An enzymatic transformation 
with the aid of dried yeast (apozymase) and adenosine triphosphoric acid as phosphoric 
acid donator is indicated by the experiments of Vestin 1200), Etjler and Vestin 321) 
and Euler and Bauer 284). The authors are careful, however, in considering thoir 
evidence merely as strongly suggestive but not absolutely final. Ultimate proof will 
consist in tho isolation of pure codehydrogenase II from the reaction mixtures. The 
issue is important because the relative ease with which an additional phosphoric acid 
residue appears to be attached to the eozymaso molecule throws doubt upon the for- 
mulation of codchydrogonase II as containing a chain of throe phosphoric acid radicals 
in series (see above), as Schlenk 1020) points out. If the conversion of cozymase into 
codehydrogenase II can be verified, a revision of the formula proposed for the latter 
by Schlenk and Euler will probably be necessary: It would appear, then, that one of 
the phosphoric acid residues is contained in a side chain rather than in the main chain 
of the bridge between the two nucleotides. 

b) Cophosphorylase. 

Cophosphorylase, a coenzyme first described by Meyerhof and Lohmann, is the 
active group or agon of phosphorylase. It is very probably identical with adenosinetri- 
phosphoric acid = adenylpyrophosphoric acid. There is a possibility, according 
to Warburg 1263), that cophosphorylase is the diadenosine-pentaphosphoric acid descri- 
bed by Ostern 907) and Beattie et al. 94). Lohmann and Schuster 736), however, 
consider this compound to be a decomposition product of adenosinetriphosphoric acid*). 
The catalytic function of adenosine 5-triphosphoric acid may be represented by the follow- 
ing reversible reaction: 

Adenosinediphosphoric acid + H 3 P0 4 ±> Adenosinetriphosphoric acid. 

The substance has boen isolated in pure form from animal tissues, from blood and 
also from yeast (cf. 1019, 192)). In working up matorial for adenosinetriphosphoric acid , 


*) For data concerning adenoaine-5-phosphorio acids see Schlbnk 1019). 
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e.g. heart muscle, it is important to prevent autolysis by removal immediately aftor the 
death of the animal and by working at low temperature. Otherwise diadenosine-pen- 
taphosphoric acid is formed (736)). Ostern and Baranowski909) succeeded in preparing 
adenosinetriphosphoric acid by enzymatic synthesis. The separation from the pyridine 
nucleotides is accomplished by conversion into the barium salts (Warburg and Christian 
1263)). A substance with strong cophosphorylase activity is formed by the decomposi- 
tion of cozymase by alkali (Sctilenk, Euler et al. 1024)). 

The structural formula given by Lohmann 734) corresponds to an adenylpyrophos- 
phoric acid with a free amino group: 

N=C — NH* 



This formula has been confirmed by Makino 747). The solutions of adenosintriphos- 
phoric acid are very unstable: even at room temperature, particularly in acid and al- 
kaline solution, phosphoric acid is split off (729)). In the tissues (crustacean muscle) the 
dephosphorylation takes place in two stops (Lohmann 733)): first adenosinediphosphoric 
acid and then adenosinemonophosphoric acid (adenylic acid), is formed. Living as well as 
toluene-treated B. coli will attack adenosinetriphosphoric acid both under aerobic and 
anaerobic conditions, causing dephosphorylation and deamination. According to Lutwak- 
Mann 741), hypoxanthine, ribose and NH 3 are the end-products of this breakdown. 

The absorption spectrum is similar to that of cozymase: in both compounds the 
adenine nucleus is responsible for an absorption band at 260 m ft which is somewhat 
broader in the case of cophosphorylase (859, 860, 201)). 

The ease of transformation of the various adenosine-5-phosphoric acids into each 
other and the fact that according to the equation given above adenosindiphosphoric 
acid gives rise to the triphosphoric acid renders the task of assigning the cophosphory- 
lase function to any one of these compounds very problematic. In fact, in the literature 
adenylic acid as well as the di- and triphosphoric acid are indiscriminately called co- 
phosphorylase. The term may perhaps be better restricted to the two immediate reaction 
partners, viz. to the di- and triphosphoric acid, bearing in mind that in the presence of 
suitable enzymes any other adenosinephosphoric acid may be utilized as precursor of the 
coenzyme. 

In this connection diadenosine-5'5'-tetraphosphorie acid should also been mentio- 
ned. It was recently isolated from yeast by Kiessling and Meyerhof 663) and at first 
erroneously identified as a cozymase pyrophosphate (Meyerhof and Kiessling 790)). 
In its activity as cophosphorylase it behaves similarly to adenylpyrophosphoric acid. 
Probably the largest fraction of the adenosine-5'-phosphoric acid in yeast is present in the 
form of diadenosine-tetraphosphoric acid. 

c) Protein Bearers of Nucleotide Coenzymes. 

Only a few of the more important bearer proteins or mixtures of bearer proteins 
required to supplement the nucleotide coenzymes to form active holoenzymos (or sym- 
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plexes) shall be mentioned in this section. This is justified because these proteins have 
only in isolated instances been obtained in pure form. For a fuller discussion the reader 
is referred to the review articles by Euler 260), Thunberg 1174), Meyerhof 788) 
and to the “Supplement” of Oppenheimer (p. 1378 — 1388). 

Apozymase: 

Apozymase, according to Euler’s definition, is holozymase minus coenzymes, in 
other words the sum of the bearer proteins of the fermentation enzyme complex. Washed 
dried yeast or dialyzed yoast maceration juice may thus be used as apozymase prepara- 
tions (Lohmann 730)). Tt is very difficult, howover, to obtain reproducible results with 
such insufficiently defined preparations. The same cozymase preparation when added to 
various crude apozymase preparations will produce fermentation of appreciably differing 
intensity. If care is taken to employ always the same strain of yeast and to standardize 
all operations, quantitatively reproducible results may be secured (Ohlmkyer 898)). 
Ohlmeyer uses rapidly dried yeast. It is waskod 8 times with water to remove most of 
the cozymase. Mykback 849) employs exclusively bottom yeast, because he finds that 
cozymase cannot, be completely removed from top yeast. The washed brewers yeast is 
pressed, driven through sieves and dried at the air. The dry yeast is treated with water 
5— JO times and each time centrifuged off. The resulting apozymase is spread in thin 
layers on glass plates and dried in air. 

Such preparations are stated to be stable for about 4 weeks and may be standardized 
with cozymase preparations of known purity. The separation of an “oxido-reducaso”, 
decolorizing methylene blue when mixed with boiled yoast juice containing cozymaso, 
from yeast maceration juice has been effected by ammonium sulfate precipitation 
Lebedew 706)). 

The criteria for the absence of cozymase from apozymase are as follows (Mykback 
849)): Addition of sugar, or phosphate and sugar, or acetaldehyde and hexosephosphate 
must not give rise to C0 2 -formation. After treatment with water at 80° the extract thus 
obtained must not promote fermentation after adding apozymase, sugar, phosphate and 
hexosephosphate. An activity in the latter case would indicate the presence of small 
amounts of cozymase contained in the apozymase preparation. On the other hand, 
addition of cozy mast' together with sugar and phosphate should give rise to active 
fermentation. 


Fractionation of Apozymase. 

Fermentation Test Proteins of Warburg: 

Warburg and Christian 1263) and Negelein 879a) isolated two protein fractions 
called A- and B-protein, from yeast maceration juice. In the presence of both protein 
fractions plus cozymase, adenylpyrophosphate, Mg, Mn and inorganic phosphate, hexo- 
semonophosphate will react rapidly with acetaldehyde in accordance with the over-all 
equation: 

2 Hoxosemonophosphate -f- 1 Phosphoric acid + 2 Acetaldehyde — 

1 Hexosediphosphate + 1 Pyruvic acid + 1 Phosphoglyceric acid + 2 Alcohol. 

In the absence of one of the two protein fractions or one of the two coenzymes no 
reaction takes place. The accumulation of pyruvic acid is due to absence of carboxylase 
in the system. The detailed mechanism of the above reaction is discussed in the papers 
by Warburg and Christian and in Meyerhof’s review 788). According to Meyerhof, 
Kiessling and W. Schulz 791) the A-enzymes fraction contains the phosphorylating 
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which, in cooperation with the adenylic acid system, are responsible for the " Vmphos - 
phorylierung” of phosphopyruvic acid and for the synthesis of hexosediphosphate from 
hexosemonophosphate plus phosphopyruvic acid or plus phosphoric acid. The B-protein 
fraction contains all the other enzymes required for the fermentation process except 
carboxylase. 

The main steps in the preparation of the A-protein (Neoelein 879a)) are the 
following: Fresh Lebedew juice from bottom brewers yeast is brought to ph 7.8 to 
8.0. The heavy protein precipitate formed is discarded. The supernatant solution is 
adjusted to ph 6.5 and the A-protein is precipitated by adding the same volume of 
saturated ammonium sulfate. After repeating the ammonium sulfate fractionation three 
times, other inert proteins are removed by heating tho solution to 40° for 80 mins. The 
A-protein is precipitated from 0.85 saturated ammonium sulfate solution by acetic 
acid (ph 4.85). After dissolving the A-protein at ph 6.6 at 0° alcohol is added to a total 
concentration of 20 % for stabilization purposes and a further purification is brought 
about by precipitation of the active fraction at ph 5.2 and at 0° and by redissolving at 
ph 6.88. The A-protein may be stored for 3 months at 0° under half-satured ammonium 
sulfate without appreciable loss in activity. In aqueous solution the protein is rapidly 
denatured. 

The B-protein fraction is larger than the A-fraction. It is obtained by removing 
the A-fraction by acid, neutralizing and precipitating with 75 % acetone (Warburg and 
Christian 1253)). 


Protein of Acetaldehyde Reducase (Acetaldehydrese). 

It has already been mentioned that the pyridino coenzymes, when acting together 
with specific protein bearers, form a number of holodohydrogenases (p. 212). One of 
these dehydrogenases is the enzymatic component of the zymase complex which is 
responsible for the reduction of acetaldehyde to the end-product of yeast fermentation, 
viz. ethyl alcohol. Like all dehydrogenases, the same enzyme is capable of catalyzing 
the reverse reaction, i.e. the oxidation of alcohol to acetaldehyde. Both the forward and 
the back reaction may be used to test the activity of the enzyme. The coenzyme in this 
case is cozymase, i.e. diphosphopyridine nucleotide. The protein has been obtained in pure, 
crystalline form by Neoelein and Wulff 883). 

Preparation: Starting material is Lebedew juice from bottom (brewers) yeast. 
The degree of purity of the protein in the whole juice is 0.0065. Inert proteins are par- 
tially removed by denaturation at 55°. Fractionation with acetone increases the degree 
of purity to 0.022. The active protein is precipitated by ammonium sulfate at 0.62 
saturation and subsequently at 0.50 saturation. After dissolving in water the degree of 
purity is 0.28. By three alcohol fractionations the latter is raised to 0.60. From 28 kg. 
dried yeast 5.8 g. of protein of this purity were obtained. The protein may now be 
crystallized from 0.4 saturated ammoiiiumsulfate solution at 38° (yield 81 %). The 
fact that the activity per weight remains unaltered after three crystallizations indicates 
that the crystals represent the pure protein of the dehydrogenase. The salt may be re- 
moved by dialysis and the protein may be obtained in dry and stable form by drying the 
solution at 0°. 

Properties: The protein crystallizes in very thin hexagons. Microanalysis yields 
the following values: C 52.8 %, H 6.96 %, N 16.51 %, S 1.21 %. The absorption spectrum 
shows the typical protein band at 280 in /x. The protein is relatively stable at 0° and 
neutral reaction. It is rapidly inactivated at ph < 5.0 and > 8.5. It is very sensitive 
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towards heavy metal ions, particularly copper. The protective action of yeast gum or 
glycocoll is ascribed to complex formation with heavy metals. The activity of the protein 
is determined in a system containing pyrophosphate buffer, yellow enzyme, cozymase, 
alcohol and semicarbazido-HCl which is employed to removo the acetaldehyde formed 
during the reaction. As the acceptor is pure oxygen, the rate of oxygen uptako is a measure 
of the activity of the protein under these conditions. Another method consists in follow- 
ing the rate of the reduction of the coenzyme by alcohol by means of a photoelectric method. 

Of the remarkable observations concerning this crystalline protein recorded in the 
paper by Negelkin and Wulff 883) only the most important may be mentioned. It 
was found that the affinity of the coenzyme to the protein depends on its state of oxi- 
dation-reduction: The reduced pyridine coenzyme has an affinity to the protein three 
times higher than that of the non-reduced coenzyme. The nucleotide concentration at 
which half the holoenzyme is dissociated into nucleotide and protein is 3 X 10” 6 M. in 
the case of the hydrogenated coenzyine and 0 X 10“ 5 M. for the nonhydrogenated coen- 
zyme. It should be mentioned that in the instance of a triphosphopyridine nucleotide 
-protein (hexosemonophosphate dehydrogenase) the two forms of the coenzyine have the 
same affinity for the protein component (Negelkin and Haas 882)). The rate of reduction 
of the acetaldehyde is greater than that of the oxidation of alcohol. Assuming a mole- 
cular weight of the protein of 70,000, one protein molecule is able to catalyzo the reaction 
of 28,500 molecules dihydropyridine nucleotide with acetaldehyde per minute (at high 
aldehyde concentration) and of 17,000 molecules pyridine nucleotide with alcohol (at 
high alcohol concentration). In equilibrium half of the pyridine nucleotide not bound 
to protein is hydrogenated if the alcohol concentration amounts to 1350 times that of the 
aldehyde concentration. 

The capacity of the protein to catalyzo the reaction of many coenzyme molecules 
with substrate molecules per unit time and the dissociation of the holoenzyme into 
cocnzyme and apoonzyme (pheron) have undoubtedly a biological significance. The 
concentration of the coenzymes in the cell is so great that they must be far in excess 
of the concentration of the corresponding protein bearers. In contrast to chromoproteids 
of the type of hemoglobin or yellow enzyme whero prosthetic group atid protein aro linked 
with considerable affinity and whore each prosthetic group requires the presence of one 
protein molecule, the dissociable dehydrogenase systems operate with a few protein mole- 
cules which bring a large number of coenzyme molecules to reaction with the substrate. 

According to Meyerhof 788) the amount of adenosintriphosphoric acid and of 
cozymase present in rabbit muscle, for example, would correspond to more than the 
total protein content of the muscle if a molecular ratio of 1 : 1 for protein/coonzyme 
were maintained. This fact illustrates that actually a large excess of coenzymes over the 
corresponding proteins exists in the tissue. 

Diaphorase (Coenzyme Dehydrogenase): 

Until very recently it was generally held that the reoxidation of the hydrogenated 
pyridine nucleotides is usually accomplished by the yellow onzyme which is thereby 
reduced to the leuco-flavoprotein. The latter reacts with molecular oxygen or with hemin 
systems in the ferric form to regenerate the oxidized form of the yellow enzyme. 

The recent findings by Adler 10) and by Dewan and Green 199) indicate that, at 
least in animal tissues, not the yellow enzyme but a different onzyme, called diapho- 
rase*) by Adler and coenzyme factor by Green, represents the specific cozymase 

*) From the Greek Sioc <f>€p€iv= transfer. 
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dehydrogenase. The diaphorase, in turn, forms the coupling link between the pyridine 
enzymes and the hemin systems of the cell (cytochrome- cytochrome oxidase). 

Preparation: So far it has not been possible to obtain diaphorase free from all 
dehydrogenases. Whether rabbit skeletal muscle or hog heart is chosen as starting material 
depends on which dehydrogenases one wishes to avoid in the final product (Dewan and 
Green 199)). 

Fresh muscle tissue is finely minced, washed 6 times with tap water, ground with 
sand and m/50 phosphate buffer, ph 7.2, and pressed through cheese cloth. The filtrate is 
freed from coarse particles by centrifuging and then brought to ph 4.6 with acetic acid. 
The precipitate is suspended in m/50 phosphate, centrifuged, washed three times with 
the buffer, and finally suspended in m/10 phosphate, ph 7.2. In the course of the puri- 
fication the enzyme seems to undergo aggregation. In any event, the final preparations 
form fine suspensions with a strong Tyndall effect. Diaphorase shares this property 
with cytochrome oxidase (see p. 264). 

Euler and Hellstrom 294) use the following procedure for the preparation of 
purified diaphorase from hog heart and skeletal muscle: 

Heart muscle brei is alternately washed with water and 2 per cent saline until the 
mass has become almost colorless. It is then ground with phosphate buffer and contri- 
fuged. The solution is cooled to 0° and the enzyme is precipitated by cold acetone -f- CO a . 
The precipitate is dissolved in 0.1 N. NH 3 . Addition of 0.1 to 0.2 saturated ammonium 
sulfate solution yields a precipitate containing 2/3 of the original activity. It is redissol- 
ved in 0.1 N*NH 3 and treated with C0 2 at low temperature in such a manner that the 
ph does not fall below 7. The solution of the purified enzyme thus obtained contains 
70 per cent of the total activity. The enzyme may be precipitated by further treatment 
with C0 2 . Dry preparations, however, are not very stable. 

Properties: The crude enzyme preparations are quite stable. The purified solutions, 
too, will retain their activity for some time when ston'd at 0°. The enzyme is remarkably 
stable in 0.1 N. NH 3 . The same holds for ph 10, while 95 per cent of the activity will dis- 
appear within 5 mins at ph 4.13. (Euler and Hellstrom 294)). Upon warming the solu- 
tions to 45° at ph 7.5, 66 per cent of the activity is destroyed in 30 mins. At ph 9.0, 10 
mins, heating to 53° cause 70 per cent inactivation. 

The absorption curve shows the usual protein band at 260 — 270 m /a. There is no 
specific absorption at wavelengths longer than 300 m /x. In comparison with other enzymes 
the electrophoretic mobility of diaphorase is relatively high and increases rather steeply 
at ph 9. According to Euler and Hellstrom this behaviour is indicative of a dissociation 
constant situated near ph 9.5—10. 

The ph-optimura is located in the alkaline region: At ph 6 — 7 the activity is still 
relatively small. It increases steeply with increasing ph, showing a sharp maximum at 
ph 10 and declining rapidly at still higher ph-values. Borate, in contrast to phosphate, 
inhibits the enzyme activity. It is remarkable that the alkaline ph-optimum corresponds 
to the alkaline optimum of ph-stabilit.y of the diaphorase as well as of free dihydro- 
cozymase (p. 219). Pyrophosphate activates the enzyme while Cu-ions inhibit it markedly. 
Neither iodoacetate nor malonato have an effect *). 

Function: The function of diaphorase, as has already been stated, consists in the 
dehydrogenation of dihydrocozymase. According to Green 199) the dihydroform of 


*) According to a recent note by Straub, Corran and Green (Nature 143 , 119 (1939)) diapho- 
rase belongs to the group of yellow enzymes, the prosthetic group being a flavin adenine nucleotide. 
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codehydrogenase II. is also dehydrogenated by the enzyme, whereas Euler claims 
absolute specificity for cozymase as the substrate (294)). The nature of the apodehydro- 
genase has no effect on the reaction of the dihydrocoenzyme with diaphorase (Dewan 
and Green 199); Adler and Hughes 12)). In vitro, methylene blue and pyocyanine may 
function as acceptors (Adler et al. 10)). The acceptor, in vivo, is the cytochrome system 
(a and b). No direct reaction between diaphorase and molecular oxygen has been observed. 

Distribution: The occurrence of diaphorase has not yet been systematically 
studied. Besides its presence in various animal tissues, such as heart and skeletal muscle, 
brain, kidney and liver of mammals, Dewan and Green 418) have found it in yeast. 

Phosphorylase: 

For a discussion of the complex situation with regard to phosphorylase systems 
the reader is referred to Oppenheimer’s Supplement to his book “Die Fermente”, 
p. 1391 — 1403. 

It is probable that there is no separate phosphorylase as a synthesizing enzyme, as 
distinct from phosphatase. Phosphorylation is probably the back reaction catalyzed by 
phosphatase. 

Pure phosphorylase (phosphatase) has not yet beon obtained. Euler and Adler 
275) have purified monophosphorylase starting with crude ” Zwischm ferment” prepara- 
tions from yeast. Their method consists in a series of adsorptions on Al(OH) 3 (C y) and 
elutions. If the elution is carried out with acetic acid at ph about 5,5, monophosphory- 
lase may be obtained in partially purified form. The enzyme is destroyed by alkaline 
eluents. 

Winbekg and Brandt 1340) obtained a stable “heterophosphatese” preparation 
from yeast by a procedure similar to that used by Sciiaffner and Bauer 1015) for the 
purification of the ordinary yeast phosphatase. The enzyme was purified and stabilized 
by dialysis against glycerol. Their preparation showed a ph-optimum of about 7 for the 
phosphorylation of glucose and maltose. The quite flat optimum is similar to that of the 
adenylpyrophosphatese of muscle. 

4) Quinoid Intermediary Catalysts *). 
a) Pyocyanine. 

Occurrence: Pyocyanine has thus far been found in nature only in B. pyocyaneus 
(also called Pseudomonas pyocyanea). The bacterium synthesizes the blue pig- 
ment when grown in suitable media such as ragitbouillon Merck at ph 7.8 — 8.0 (Wrede 
and Strack 1347)) or, better, in peptone-gelatin medium (Elema and Sanders 238)). 
The pigment is secreted from the microorganisms into the surrounding medium from 
which it may readily be obtained in crystalline form. Under optimal conditions of culture 
and with a suitable strain of bacteria, pyocyanine concentrations of 260 mg. per liter 
medium have been recorded (Elema and Sanders). 

Isolation: The cultures are extracted with chloroform and the blue chloroform 
solutions are treated with dilute HC1 which takes the pigment up with red color. The 
HC1 solution is made alkaline by NaOH and the pigment is re-extracted with chloroform. 
Now either the free base may be obtained in crystalline form by evaporating the chloro- 

*) The biological effects of these substances, particularly on tissue metabolism (acceptor 
respiration) have been discussed in a previous section (p. 108). 
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form, dissolving the amorphous residue in hot water and cooling to 0°, or else the hydro- 
chloride may be obtained by taking up the residue remaining after evaporating the chloro- 
form with HC1 and slow concentration in vacuo. Inasmuch as the free blue base suffers 
decomposition to yellow and colorless products upon storage, it is preferable to prepare and 
store the red pyocyanine hydrochloride. 

Constitution and Synthesis: The empirical formula of the pigment is 
(CiaH 10 ON 2 ) x . At first, Wrede and Strack were inclined to double this simplest formula. 
Alkali in presence of air yields hemipyocyanin, C 12 H 8 ON 2 , which could be identified 
with synthetic a-hydroxyphenazine (I). 

I. OH II. O 


/v /N \/ l \ /\/ n \A 



a-Hydroxyphenazino Pyocyanine (N-Methyl-a-oxy phenazine) 

The remaining C-atom is present as a methyl group whicli is attached to one of the 
phenazine nitrogens inspite of the ease of its detachment by HI and by oxygen in al- 
kaline solution. This has been proven by the synthesis of pyocyanine by Wrede and 
Strack 1348): when a-hydroxyphenazine is heated for a few minutes with dimethyl- 
sulfate to 100°, an adduct is formed which upon treatment with alkali yields pyocyanine. 
The pigment is therefore identical with N-methyl-a-oxyphenazine (II). The synthesis is 
formally analogous to the preparation of N-methyl-phenazoniumiodide by Hantzsch 
from phenazine and methyliodido. 

The synthesis of Wrede and Strack starts with pyrogallol-l-methyl other. It is 
oxidized with lead dioxide and coupled with o- phony leriediamine to form a-inethoxypho- 
nazine. Treatment with fuming HBr yields a-hydroxyplienazine. The latter is converted 
into pyocyanine by dimethylsulfate. Miciiaelis, Hill and Schubert 816) have im- 
proved the process in several details. They confirm that the synthetic product is identical 
in all its properties with the natural one. Synthetic pyocyanine hydrochloride is now 
available commercially (e.g. from Hoffmann La Rociie). 

The work of Wrede and Strack did not permit one to decide whether the methyl 
group is attached to the phenazine nitrogen nearest to the oxygen atom or to the one 
dist ant from it. This point has recently been decided by Hillemann 488) in favor of the 
formula shown above (II): The reaction of leuco-pyocyanine with oxalvlchloride yields a 
labile oxalylderivative with the participation of the oxygen and one nitrogen atom of 
pyocyanine. This can only be the case, if the N-atom close to the OH-group in leuco- 
pyocyanine is not methylated. As Hillemann points out, it is as yet not possible to 
decide between the two possibilities indicated in the formulations Ila and lib: 
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The chemical properties of pyocyanine and of the hydroxy-phenazino methosulfate 
appear to favor formula 111), i.o. the “phenol betain” structure. 

Molecular weight: Molecular weight determinations in alcohol or chloroform 
yield no reproducible values. From freezing point determinations in glacial acetic acid 
Wrede and Strack 1347) concluded that the oxidized form of the dye has double the 
molecular weight of the reduced form. They assign, therefore, to pyocyanine the empirical 
formula C 26 ll2o0 4 N 2 . Both Friedheim and Michaems 376) and Elema 233) conclude 
from their potentiometric studies that the dye has half the molecular weight given by 
Wrede and Strack and consequently the formula II which had been doubled by the 
latter workers. Kuhn and Valko 672) confirmed the findings of Miciiaelis and of 
Elema by diffusion measurements in water and in bonzenc. 

Chemical Properties: Pyocyanine crystallizes from chloroform-petrolother 
m thin dark blue needles. It is sparingly soluble in cold water, benzene, ether and petrol 
ether; and readily soluble in warm water, chloroform, warm alcohol, nitrobenzene, pyri- 
dine and phenol. Tho solutions show no well-defined absorption bands. The pigment 
shows a sharp melting point at 133° without decomposition. Dry distillation yields a 
sublimate of yellow crystals of a-hydroxyphonazine. 2 N.NaOH destroys it. 

A distinct fluorescence of pyocyanine in solution has been described by Dher£. 
It has already been mentioned that the freo pyocyanine base which exists in alkaline 
solutions is blue and that tho cation (or hydrochloride) is red. 

Oxidation-reduction behaviour: Deducing agents transform pyocyanine 
into the colorless dihydro-pyocyanine. The reduction is readily reversible. Dihydro- 


Pig. 14. E/ph-Diagram of pyocyanine acc. to 
Michaelis 808). 



pyocyanine is autoxidizable (376, 233)). 
In alkaline solution the reduction takes 
place in one step involving the uptake of 
two electrons. Consequently, the color 
change is here from blue directly to color- 
less (cf. 362)). In acid solution, on the 
other hand, i.e. at ph below 6, the reduc- 
tion proceeds in two steps which are indi- 
cated by a color change from red over 
greon to colorless (Friedheim and Mi- 
chaelis 376), Elema 233)). The result 
of the careful potentiometric studies of 
pyocyanino by Michaelis and by Elema 
is summarized in Fig. 14 showing the 
dependence of tho normal potentials on 
the hydrogen ion concentration. The ordi- 
nate gives the potentials as they were 
directly measured, i.e. referred to the calo- 
mel electrode. The normal potential of 
pyocyanine, as referred to the standard 
hydrogen electrode, E' 0 , is — 0.039 V. 
at ph 7.0. This is slightly more negative 
than the potential of methylene blue. 


The diagram, Fig. 14, shows the three normal potentials E 1? E 2 , and E m of the 
various steps of the reduction-oxidation process as calculated from the index potentials 
(see p. 101). At ph above 6 tho two steps show marked overlapping. Michaelis has 
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calculated that at ph 7 there may exist as much as 10 per cent of the semiquinoid radical 
form. Dissociation constants are indicated at ph 4.85 (oxidized form), ph 5,7 (semi- 
quinone) and ph 9.20 (reduced form). 

Tho semiquinoid radical could be isolated by Kuhn and Sciion 670) in the form of 
the perchlorate as obtained by treating leuco-pyocyanino with C10 4 " in ether. The titration 
of the compound with sodium stannite shows that the dye is contained in it in the mono- 
hydroform. A further proof of the radical nature of the intermediate form is the para- 
magnetism of the perchlorate (Katz 533)). The formula of the radical as proposed by 
Miciiaelis 805, 801, 803) is as follows: 


H + 

A/?\/x 

1 1 

£ 

1 II 

\/\ N /X/ 

ch 3 

The electron is thought of as oscillating between the two azino nitrogen atoms. Con- 
versely, the positive charge will also oscillate in accordance with the electrostatic requi- 
rements of the resonanco phenomenon. 

In dilute alkali, under pure nitrogen, the radical will suffer disproportionation into 
tho fully oxidized and the fully reduced form: 
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Upon admission of air the leuco form is reoxidized and consequently tho color strength 
and stannite amount required for reduction are doubled (670)). 

Precursors, Isomers, and Homologues of Pyocyanine: 

The mother substance of pyocyanine, a - h y d r o x y p h e n a z i n e, is also a reversible 
redox system (Michaems, Hii.l and Schubert 816)). The oxidized form is lemon-yellow 
between about ph 1 to 11; it turns red at ph < 1, and cherry-rod at ph > 11. The semi- 
quinoid form is green at every ph where it is capable of existence, llie normal potential 
at ph 7 is about 100 millivolts more positive than that of pyocyanine. The E/ph-curve of 
this dye will be found in tho original paper as well as in the review articlo by Michaelis 
806). As in the case of pyocyanine, the ordinate is plotted in terms of tho potentials 
measured against the calomel electrode and not as referred to the hydrogen electrode. 
In order to obtain tho corresponding E 0 '-values, about 240 millivolts must be added to 
those values. 

Wrede and Strack 1348) have prepared the ethyl and the propyl homologues of 
pyocyanine. Their potentials have as yet not been measured. However, their increased 
solubility in water and their greatly increased stability towards alkali and oxygen as 
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compared with pyocyanine may render these dyes useful in biological experiments. 
Qualitatively, the two liomologues show an oxidation-reduction behaviour similar to 
pyocyanine. 

The potentials of /f-hydroxyphenazine and of N-mothyl-/}-oxyphenazine (methyl 
aposafrone) have recently been studied by Preisler and Hempelmann 937). Both sy- 
stems show clearly the phenomenon of two-step reduction in solutions more acid than 
ph 3 and an overlapping of the two steps at higher ph-values. The E c '-values at ph 7.0 
are about — 0.200 V. for /Miydroxyphenazine and about — 0.165 V. for N -methyl -/boxy - 
phenazine. These potentials are, then, considerably more negative than that of pyocya- 
nine. The semiquinones are yellow green in acid solution. Only the N-methyl compound 
seems to show promise as a redox indicator and ph indicator as well. 

It should be possible to cover the physiologically important range of the redox 
scale by compounds related to pyocyanine. 

b) Chlororaphine*). 

Chlororaphine, the pigment of the Bacillus chlororaphis G. and S., was first studied 
from various points of view by Lasseur in 1911. The constitution of chlororaphine was 
elucidated by the recent work of Kogl et al. 586a). They showed it to be identical 
with monohydrophenazine-a-carbonamide. 

Preparation: Bacillus chlororaphis is grown according to Lasseur on a liquid 
“synthetic” medium containing asparagine, glycerol, and inorganic salts. The pigment is 
secreted from the bacteria in crystalline form. The green crystals may be separated 
from the cells by fractional centrifugation. Besides tho green chlororaphine, the bac- 
teria produce a yellow pigment, called oxychlororaphine. The third form described by 
Lasseur, called xanthoraphin, was found to be identical with oxychlororaphine. 
Chlororaphin is freed from adventitious oxychlororaphin by washing with chloroform. 
It is then recrystallized in an atmosphere of nitrogen from acetone-water. One liter 
of culture medium yields about 37 mg. chlororaphin. 

Constitution: Kogl received 240 mg. of the original preparation of Lasseur in 
the form of oxychlororaphine. Its empirical formula is C ia H 9 ON 3 . Upon heating with 
KOH one mole NH 3 is split off and a carboxylic acid of the empirical formula C 13 H 8 0 2 N 2 
is formed. The latter is decarboxylated to phenazine by distillation with soda lime. 
Oxychlororaphine was found to be identical with synthetic phenazine-a-carbonamide (I). 
The latter, upon mild reduction, e.g. with zinc dust in boiling water, yields a derivative 
identical with chlororaphine (II). Chlororaphine is therefore a quinhydrone-like derivative 
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*) Reviewed by Kogl 686) and Miciiaelis 806). 
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of oxychlororaphine. The original view of Kogl that chlororaphine is a molecular com- 
pound of the fully oxidized and tho fully reduced phenazine-carbonamide has been modi- 
fied in accordance with the views of Miciiaelis to the effect that it is now considered 
to be the semiquinoid radical of oxychlororaphine both in the crystal and in mineral 
acid solutions. At other ph-values the radical disproportionates into the quinoid and 
benzenoid forms. 

Properties: Chlororaphine crystals melt in N 2 at 228—230° (uncorrected). They are 
insoluble in water, chloroform, petrolether, benzine, toluene and in alkali. They are 
sparingly soluble in alcohols and readily soluble in acetone, phenol, aniline, glacial acetic 
acid and mineral acids. When exposed to air the crystals are slowly transformed into 
oxychlororaphin (phenazine-a-carbonamide). In acetone-HCl, the pigment shows absorp- 
tion bands at 705, 638, 587 and 538 in /x. 

Oxychlororaphine (phenazine-a-carbonamide) crystallizes from methanol in pale- 
yellow needles (M.P. 241°). The crystals are insoluble in petrolether, little soluble in water, 
ether and alcohols, somewhat better soluble in chloroform, acetone, and glacial 
acetic acid. 

Oxidation-Reduction Potential: The semiquinoid nature of chlororaphine 
was fully confirmed by the potentiometric study of Elema 234). He found that at very 
low ph-values all three oxidation-reduction stages (see above) 
are sufficiently soluble to permit potentiometric titrations 
in a homogeneous system. Upon reduction the color of oxy- 
chlororaphine turns from light yellow to an intense emerald 
green and then to orange yellow, the latter representing the 
color of tho dihydrocompound. Fig. 15. shows the three nor- 
mal potentials of the chlororaphine system plotted against 
ph, according to Elema. 

The crossing-over of tho three potentials is local ed at ph 
2.1 (semiquinone constant at this point =- 1). At the right 
side of the crossing the formation constant appears to remain 
constant, although small, over a certain ph-range. The radi- 
cal might thus be formed to a small extent even at higher 
ph-values just as in the case of pyocyanine and riboflavin. 

The extremely low solubility of the semiquinoid form (chlo- 
roraphine) in the physiological ph-range accounts for its 
formation in crystalline form in the bacterial cultures. E 0 ' at ph 7 is about — 0.130 V., 
i.e. 100 millivolts negative to pyocyanine. 

c) Toxof lavin. *) 

Toxoflavin is tho name conferred by van Veen and Mertens 1193 , 1194 , 1195 ) 
upon the prosthetic group of a yellow pigment which arises in cultures of Bacterium 
bongkrek under aerobic conditions. The native pigment complex together with another 
colorless substance, is held responsible by these workers for a number of cases of food- 
poisoning among the natives of Java. Whereas tho native pigment complex is highly 
toxic when administered perorally or intraperitoneally to monkeys, pigeons and rats, 
the crystalline prosthetic group, toxoflavin, retains its high toxicity only for rats when 
injected intraperitoneally, 5 to 25 y representing the lethal dose. In the monkey, 1 to 
2 mg. per os will induce vertigo and sleep. The decrease in toxicity in the course of the 

*j See also p. 116. 



Fig. 15. E 0 /ph-curve of Chlo- 
roraphine (Elema 234)). 
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purification of toxoflavin is attributed by the authors to the detachment of the yellow 
dyestuff from a natural colloidal bearer, presumably of protein nature, but also appa- 
rently containing lipids (phosphatides). 

Preparation and properties of native pigment complex: Young glycerol- 
water cultures of B. bongkrek which are intensely yellow are treatod with basic lead 
acetate. This reagent precipitates impurities. The yellow filtrate is freed from excess 
lead by adding phosphate (ph 7). The yellow pigment may bo further purified by dialysis. 
The dry residue obtained by evaporation in vacuo at low temperature is strongly yellow 
colored and contains lipids as well as proteins besides toxoflavin. It is soluble in water 
but insoluble in absolute alcohol at 0° indicating the linking of tho dyestuff to a protein. 
The whole complex may be precipitated by phosphotungstate at weakly acid reaction. 
On the other hand treatment of the aqueous solution of the pigment with alcohol 
at 30° causes a partial breakdown into an alcohol-soluble yellow pigment and an insoluble 
protein. However, tho alcohol-soluble part does not yet represent free toxoflavin, being 
still precipitable with phosphotungstate. If now the aqueous solution is treated with 
NagSO* and if the salted-out pigment is extracted with chloroform, freo toxoflavin passes 
into the solvent. Accordingly no precipitate is formed with phosphotungstate. Further 
proof for complex formation under biological conditions is furnished by the inabi- 
lity of the native complex to pass dialyzing membranes while the free toxoflavin is 
readily diffusible. 

Isolation and properties of crystalline toxoflavin: A liquid culture 
medium containing glycerol, peptone and inorganic salts dissolved in water (ph 7) is 
spread in thin layers to ensure saturation with oxygen and is inoculated heavily with 
B. bongkrek. After 45 hours at 28° the culture has assumed a deep yellow color and 
contains a maximum of the pigment. It is saturated with anhydrous Na^SO* at 0° and 
extracted with cold chloroform. After adding an equal volume of petrolether to tho yel- 
low-green, weakly fluorescing chloroform solution the toxoflavin, which is present in 
free form, is taken up by water. The aqueous solution is saturated with Na 2 S() 4 and the 
pigment is extracted with ethyl acetate. After adding petrolether ice-water will again 
extract the toxoflavin. The concentrated solution is brought to dryness in a high-vacuura 
over P 2 0 6 and adventitious fatty material is partly removed by pretolether and ether 
extraction. The residue is dissolved in a little water and once more evaporated to dryness 
in a high-vacuum. The almost pure, crystalline toxoflavin is now dissolved in chloro- 
form, concentrated in vacuo and induced to crystallize by adding dry ether. Ono liter 
of culture medium will yield about 15 to 20 mg. toxoflavin in the form of small yellow 
crystals (partly flat needles and partly platelets). The crystals melt sharply at 171 — 172° 
with slight decomposition. 

Toxoflavin is readily soluble in water and alcohol, less soluble in ethyl acetate and 
chloroform, and almost insoluble in ether, benzene and petrolether. The green fluorescence 
is more pronounced in amyl alcohol than in water. Light does not affect the pigment under 
varying conditions. Toxoflavin dialyzes rapidly through parchment membranes. It is 
adsorbed on norite and fullors earth and may be eluted from the adsorbates by dilute alco- 
hol and pyridine (or ammonia). While the yellow color is quite stable in water at ph 3 to 7, 
it is slowly abolished at ph 1 and 9. Only at the latter ph tho decolorization is reversible 
for a short time. 

Light -ah sorption: According to measurements by E. R. Holiday (cf. 1083) 
there exists a general resemblance between the absorption patterns of toxoflavin and 
of the flavin pigments. In aqueous solution (ph 6.5) a steep absorption band at 260 m p 
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is accompanied by an inflection at 310 m/x and by a lower and rather broad band 
centred at 405 m /x. The molecular extinction coefficients calculated for a molecular 
weight of 1G6 (see below) amount to about one-half of tho corresponding values for 
flavins. After standing for a short time at ph 3 or ph 11 the fading of the yellow color is 
accompanied by an almost complete disappearance of specific light absorption. At ph 9 
theheigth of the long wave band decreases and a distinct band is formed instead at 320 
m jx. This band also disappears on standing. 

Structure: Inspite of many chemical details brought to light through the work 
of van Veen and Mertens 1195) the problem of the exact chemical constitution of 
toxoflavin is still unsolved. The only conclusion that may be drawn at the present time 
with assurance is that the original assumption of van Veen and Mertens that the pig- 
ment may belong to the class of flavin pigments studied by Warburg, Ellinger, Kuhn, 
Karrer, Stern and others is untenable. The name toxoflavin chosen on tho basis of this 
hypothesis is therefore a little misleading. 

Microanalysis yields 43.5 — 43.26 % C; 3.57 — 3.98 % II; 34.04 — 33.9 % N, corres- 
ponding best to the empirical formula C 6 Ii 0 N 4 () 2 . There is one N-methyl group present 
in the molecule which is removed only with great difficulty by HI. According to Rast’s 
camphor method and to kryoscopic determinations in water the empirical formula given 
above is not to be doubled. Accordingly, toxoflavin would be an isomer of methyl- 
xanthine which is difficult to reconcile with the general properties of tho pigment. 

Toxoflavin is very stable against oxidizing agents like II 2 0 2 , HNQ 3 , Br 2 . With bisul- 
fite a brick-red addition compound is formed which is decomposed and decolorized by 
dilute acids. Heating with Ba(OH) 2 to 100° does not yield urea in contrast to photoflavin. 
Toxoflavin is devoid of acidic groups. Upon heating with KC10 3 plus HC1 a strong mure- 
xide test is obtained when N1I 3 is added. Alloxan (or methvlalloxan) was identified as 
a product of oxidation under these conditions, besides methylamine and NII 3 . Toxoflavin 
does not react with HN0 2 or bromine. Careful treatment with N.HC1 yields a colorless 
compound the crystals of which melt at about 250° with decomposition. Microanalysis 
indicates that one H 2 0 has entered the toxoflavin molecule. This would suggest that the 
ring present in toxoflavin has been opened to form an isomer of a methylated pseudo-dihy- 
droxypurine. However, concentrated HC1 even at 100° fails to causering formation. The 
derivative no longer gives the murexide test with KC10 3 -f* HC1. The solution in alkali is 
intensely yellow. 

In a recent communication, van Veen and Baars 1192) assign the following 
structure to toxoflavin: 

CH 3 — N— CO— C= N — CH 2 

i i i 

OC— NH— 0==-N 

The close relationship of this formula to that of mothylxanthine is obvions. The place 
of attachment of the CH 3 group has been chosen arbitrarily. Ultimate proof of this con- 
stitution may probably bo afforded only by synthesis. 

Oxidation-lieduction Behaviour: Van Veen and Mertens 1195) made the 
following observations: In weakly acid or alkaline solution toxoflavin is reversibly 
reduced by sulfurous acid to a colorless compound. Upon shaking with air or addition of 
H 2 0 2 or bromine water the yellow color is restored. This may bo repeated at will. Upon 
hydrogenation in ethyl acetate with platinum black as the catalyst about 1 molecule 
h 2 is taken up and a brown product results. In acetic acid with platinum oxide as the 
catalyst, on the other hand, about 8 molecules H 2 are absorbed and a colorless solution 
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results. In both instances shaking with air will restore the original yellow color. Young, 
actively growing bouillon cultures of B. bongkrek as well as liver brei in phosphate 
buffer at ph 7 will also slowly decolorize a dilute solution of toxoflavin. The process may 
be accelerated by adding glucose. Again, shaking with air restores the yellow color. 

A gift of crystalline toxoflavin by Dr. A. G. van Veen made possible a potentio- 
metric study of the pigment (Stern 1083)). It was established that toxoflavin represents 
the oxidant of an oxidation-reduction system which is fully reversible and electro-active 
between ph 4 and 8. The normal potential, E 0 ', as referred to the normal hydrogen elec- 
trode, is — 0.049 V. at ph 7.0. The slope of the titration curves is atypical throughout the 
ph-range investigated and shows an increasing steepness towards the alkaline range. 
Unfortunately the lability of toxoflavin in alkaline solutions did not permit one to ad- 
vance into a ph-range alkaline enough to show, perhaps, a distinct break in the titration 

curves and visible 
semiquinone for- 
mation. However, 
it was felt that 
the consistent in- 
crease in steepness 
of the titration cur- 
ves towards the al- 
kaline rango was 
sufficient basis for 
a tentative treat- 
ment of toxoflavin 
as a two-step redox 
system in the light 
of the theory of 
Miciiaelis and of 
Elema. The dia- 
gram shown in Fig. 
1G contains indivi- 
dual titration cur- 
ves on the left hand 
side and the result- 
ing E 0 7ph-curve on the right hand side. The latter curve indicates dissociation con- 
stants of the reduced form at ph 5.8 and 7.2. 

A scrutiny of the data concerning the flavins, (and more particularly photofiavin 
which shares several properties with toxoflavin) and toxoflavin results in the conclusion 
that the similarities noted by van Veen and Mertens are of a rather superficial nature 
and that they are outweighed by far by fundamental differences between the two 
types of pigments (Stern 1083)). The only known natural pigments to which toxoflavin 
may perhaps have a structural relationship are the pterins, the wing pigments of 
certain butterflies. Xanthopterin, the pigment of Gonepteryx rhami , is somewhat 
similar to toxoflavin with respect to elementary composition, absorption spectrum, 
reversible oxidation-reduction, murexide reaction indicating a purine nucleus, and 
fluorescence. *) Unfortunately, inspite of great efforts, the constitution or molecular 

♦) A discussion of the chemistry of these interesting pigments on the basis of the work of 
Hopkins, Wieland, Schopf and other workers will be found in E. Berqmann*s review article (97)). 
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Fig. 16. Potentials of Toxoflavin (Acc. to Stekn 1083)). 
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weight of the pterins are likewise still obscure, all definite formulas which have boen 
proposed having been refuted or withdrawn. 

d) Phtliiocol and other Naphthoquinones. 


Isolation of Phthiocol: When the human type of tubercle bacillus is grown 
on the Long synthetic medium, the organism grows on the surface of the liquid in the 
form of a faintly cream-colored pellicle. Anderson and Newman 24) discovered in al- 
cohol-ether extracts of such cultures a pigment, phthiocol, which is yellow in acid and 
red in alkaline solution and which appears to be specific for tubercle bacilli. The pigment 
is largely associated with the acetone-soluble fat fraction of the bacteria. After saponi- 
fication with KOII the pigment was separated from the crude fatty acid fraction and 
from anisic acid. The most important step in this separation process is the precipitation 
of the fatty acids in the form of their lead salts. Further purification procedures include 
extraction with amyl alcohol from the alkaline solution, steam distillation and removal 
of the admixed anisic acid by extraction of the mixed potassium salts with acetone. 260 gm. 
tubercle fat yielded 0.17 gin. of pure rocrj^stallized phthiocol. The yellow prisms melt 
at 173—174°. 

Properties: Phthiocol is only slightly soluble in water but it is easily soluble in 
organic solvents, except petroleum ether, giving yellow colored solutions. In dilute 
alkalies the pigment dissolves to yield deep rod solutions. Acidification changes the color 
to yellow. 

Microanalysis yields the empirical formula C n H 8 0 3 and molecular weight deter- 
mination by Past’s method gives values 202 — 206) which are slightly higher than the 
minimum molecular weight (188)). 

Constitution: Direct acetylation yields a monoacetate which, on reductive acety- 
lation is converted into a triacetate (Anderson and Newman 25)). This indicates a 
quinone linkage in the original substance and thus 3 O-atoms are accounted for, 1 as an 
OH-group, and the other 2 as a quinone. The yellow color and the volatility of the sub- 
stance indicate an a-quinone rather than a /3-quinone structure. On oxidation with hy- 
drogen peroxide in alkaline solution phthalic acid is obtained. Anderson and Newman 
conclude that phthiocol is 2-methyl-3-hydroxy-l, 4-naphthoquinone: 
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/\/\n 


Cll 3 

!'CH 


I 
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Synthesis: Several methods for the synthesis of phthiocol have been worked out. 
The first one by Anderson and Newman 26) starts with 2-mothylnaphthalene. The 
yield, however, was low, the maximum being 12 per cent. Madinaveitia 744) obtained 
the pigment from 2-methyl-l, 4-naphthoquinone by the action of calcium hypochlorite 
followed by treatment of the reaction product with H 2 S0 4 . The yield was over 60 per 
cent. Finally, Newman, Crowder and Anderson 886) have described a third synthesis 
consisting in the decarboxylation of d -hydroxy- 1,4- naphthoquinone-2-acetic acid. 
The reaction is carried out by heating this compound, dissolved in diphenyl ether, in 



238 


OTHER NAPHTHOQUINONES 


the presence of the copperbarium chromite catalyst of Connor, Folkers and Adkins, 
The yield of phthiocol or 2-methyl-3-hydroxy-l, 4-naphthoquinone was about 41 per 
cent of the theoretical. 

Oxidation-Reduction Potentials: A careful potentiometric study of the 
potentials of phthiocol has been carried out by Ball 57), in the laboratory of Mansfield 
Clark. He found both the oxidized and tho reduced forms (colorless) perfectly stable 
throughout the usual ph range. At all ph values a change involving two electrons was 
found to occur in a singlo step in contrast to the two-step oxidation encountered in the 
case of other bacterial pigments (pyocyanine, chlororaphine). The pigment is among 
the most negative redox systems of biological origin. The normal potential, E' 0 , at ph 
7.0 is about — 0.2 V. The following dissociation constants are assigned: for the oxidant 
K c = 8.32 X 1(T 6 , for the reductant K rl = 1.2G X 10~° and K r2 = 2.88 x 10“' 12 . 

Cultures of tubercle bacilli, according to Aksianzew, register potentials ranging 
from -f- 0.300 to 0.005 V. If such potentials may bo taken as an indication of the poten- 
tial extant within the cell the phthiocol system would be maintained completely in the 
oxidized state. This is supported by the fact that colonies of the organism are described 
as possessing a yellowish tint. 

Other Naphthoquinones. 

A number of other naphthoquinones have been found in nature. All, except phthio- 
col, occur in plants. Some of them, like juglon, the pigment of walnut shells, and lawson, 
the pigment of Lawsonia , are simple hydroxy-naphthoquinones, while others, e.g. 
plumbagin, a pigment from Plumbago , lapachol, occurring in the Lapacho tree and 
in other plants, have in addition alkyl side chains. All these substances represent rever- 
sible oxidation-reduction systems. The structural formulas and the normal potentials, 
E c , at ph 0, as referred to the normal hydrogen electrode, will be found in Tablo 16. which 
was compiled from papers by Ball 57, 58). 

Ball failed to observe any two-step oxidation processes in these pigments. How- 
ever, inasmuch as quinones of the type of hydroquinone and phenanthrenequinone will 
form semiquinones in alkaline solution (anionic serniquinones) (Michaelis 805)), radical 
formation might reasonably be expected also in the case of the naphthoquinones pro- 
vided that the potentials are studied at sufficiently alkaline ph values. 

e) Hallachrome. 

This pigment was isolated by Mazza and Stolfi 770, 771) from a marine polychete 
worm, Halla parthenopea . Friediieim 371) utilized for the isolation the property 
of hallachrome that the red, oxidized form at ph < 8.53 is soluble in amyl- or isobutyl- 
alcohol while it is insoluble in these solvents at ph > 8.53 and now is soluble in water. 
At the latter ph the oxidized form is green. In still stronger alkaline solution it is irrever- 
sibly transformed into a stable yellow compound. 

Whereas Mazza and Stolfi 771) and Raper 958) consider hallachrome to be 
identical with the “rod body”, formed as an intermediate in the tyrosine-tyrosinase 
reaction, Friediieim 374) declares this view to be erroneous. Tho constitution of 
hallachrome is therefore not yet definitely established. 

The leuco-form arising upon reduction in mineral acid solution is colorless. With 
increasing ph the system assumes a dark olive brown tint. When air is admitted the red. 
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TABLE 16. 


Structure and Normal Potential of Naphthoquinones. 
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oxidized form is regenerated. Friedheim finds that the individual titration curves are 
atypical throughout the physiological ph-range and that they become increasingly 
steeper towards the alkaline region. Although the color changes are not clear cut, the 
author interprates this phenomenon as due to two-step reduction in the alkaline range. 
Hallachrome, in this respect, behaves similar to the later studied toxoflavin (see p. 236). 
The over-all normal potential, E m , at ph 7 is + 0.022 V., i.e. close to that of methylene 
blue. Accordingly, the pigment exerts biological effects similar to those of methylene 
blue (see p. 116). In the worm, the pigment probably acts as an oxygen store for emer- 
gency purposes: Worms which are buried deep under the bed of the sea or which are 
asphyxiated in air-free water reduce the pigment and are thus able to contract a con- 
siderable oxygen debt. 



E. General Biological significance of Desmolysis. 

1) General Picture of Desmolysis. 

A comprehensive treatment of the historical and fundamental aspects of desmolysis 
will be found in Oppenheimer’s book ‘'Die Fermente” (902)). Inasmuch as the funda- 
mentals of desmolysis have not suffered drastic changes since the time at which that 
book was written, the present discussion aims not at repetition but rather at amplifi- 
cation and some redistribution of emphasis. 

The time is past when fermentation and oxidation were considered to be two 
quite distinct types of biological processes and when the enzymes active in fermentation, 
the zymases, and those active in vital oxidation, were treated as entirely unrelated. Today 
we speak of ono great system of enzymes catalyzing the over-all phenomenon of energy 
production in the cell, termed desmolysis. Fermentation no longer designates an isolated 
typo of metabolism of micro-organisms but it now covers the total anoxybiontic me- 
tabolism of all organisms. And we know that this metabolism is fundamentally the same 
and that it is promoted by the same type of enzymes no matter whether it remains the 
only type of metabolism in the cell or whether it merely represents the preparation for 
the terminal oxidation in oxybiosis. If the anoxybiontic metabolism does not passover 
into oxybiosis, certain reactions take place leading to stabilization of the 
anaerobically formed compounds, and lactic acid or ethyl alcohol appear as the end- 
products. The correlation between respiration and fermentation or rather between 
oxygen tension and fermentation is maintained by the so-called Pasteur-Meyerhof 
reaction, tho mechanism of which is still largely obscure. 

If we disregard these special processes, there is one uniform mechanism operative 
in both phases (fermentation and respiration) of desmolysis, namely, the transfer of 
metabolic hydrogen. In anaerobiosis it terminates in lactic acid or alcohol and in 
aerobiosis it terminates in water. The hydrogen transfer is effected by two kinds of 
reversible oxidation-reduction systems, viz. by the catalysts in the narrow sense of 
tho word (enzymes and mesocalalysts) and by certain metabolites performing 
catalytic functions at certain stages of the breakdown process (e.g. fu marie acid, 
oxaloacetic acid). Decent work has tended to obliterate the line of demarcation between 
these two groups to a certain degree. It only remains well defined then' where the 
metabolites undergo irreversible change's, e.g. oxidation to C0 2 and water. In 
that case the metabolites cannot act as redox systems and are therefore no longer 
catalytically active. If we consider the system 

Succinic acid Fumaric acid Malic acid Oxaloacetic acid, 
we have to assume that only a fraction of this reaction occurs in a reversible manner, 
whereas the bulk of the components is further broken down into pyruvic acid and ulti- 
mately completely oxidized. The reversible fractions of desmolysis, on the other hand, 
are the only ones capable of making available the energy required for the maintenance of 
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life, e.g. for chemical synthesis, and physical chemical work such as osmotic work at 
semipermeable membranes. 

The characterization of desmolysis as a hydrogen shift towards oxygen implies that 
the second end product of oxybiosis, C0 2 , does not arise through a direct oxidation of 
carbon atoms but by catalytic decarboxylation or similar reactions just as in anoxy- 
biosis. Thunberg 1770) has lent particular emphasis to this point of view. In contrast 
to other metabolites, the catalytic C0 2 production from hexoses, and thus for the major 
part of energy-yielding desmolysis, may find its simplest expression in the schema 

C 6 H 12 0 6 + 6H 2 0->6 C0 2 + 12 H,. 

There is a question whether this reaction is possible from an energetic point of view. 
Wurmser 1364, p. 23) has tried to estimate the change in free energy involved in this 
over-all process. The result, based on not too-well established data, is that this idealized 
process involves almost no change in free energy. He found a small loss in free energy, 
A T ’ = — 0277 cal. On the other hand, the balance with regard to hoat of reaction is 
strongly negativo, the reaction is endothermal: A II = 145222 cal. It might be mentioned 
that the non- validity of Berthelot’s principle is encountered in all anaerobic sugar 
transformations. The transition of glycogen into lactic acid, for instance, yields almost 
50 % more free energy than hoat (Burk 156)). In any event, the energy change is al- 
most zero and it does not matter whether A P is actually a small positive or negative 
value, particularly becauso the reaction is completely schematized. In reality the well 
studied individual reaction, CH 3 CO -COOH -v CII 3 CHO + C0 2 , yields an appreciable 
amount of free energy. The main purpose of the above schema is to show that Thun- 
berg’s view is not untenable on the basis of thermodynamical considerations. Ener- 
getically it is to be interpreted in such a manner that under anaerobic conditions the 
latent energy of the reaction 6 C + 6 0 2 — >- is just sufficient to liberate again the hy- 
drogen from C-H-compounds which during their formation from H -f- C have released 
energy. The energy required for this H release is called dehydrogenation energy. 
In the strongly schematized process written down above all of these partial reactions 
have been combined. 

By characterizing the main chain of cell respiration as an oxidation of 
metabolic hydrogen we arrive at a unified and comprehensive conception of its nature. 

2) The Stages of Breakdown, 
a) General. 

It is timely to subject the concept of “stages of breakdown” to scrutiny in the light 
of newer knowledge. Ono has to consider to what extent substances, isolated from biolo- 
gical systoms and chemically well defined, do actually represent intermediates in des- 
molysis. The belief of the occurrence of chain reactions in biological processes gains 
ground steadily. This may mean a number of things. The way is opon to interpretation 
of the reactants as “reactive molecules in statu nascendi” or as “activated molecules” 
or “free radicals”. Up till now the only means of testing the role of a compound as an 
intermediate consisted in its chemical preparation and in determining whether it is 
actually attacked and changed in a typical manner when added to the biological system 
in question. Only a positive result carries weight here, because the absence of a reaction 
under such conditions may be explained by assuming that the substance in question 
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will react only if present not in the common stable form but in “hydrate form” or in the 
“activated state”. This term covers molecules of higher than average energy content, 
i.e. molecules which still carry tho critical energy absorbed during their formation, as 
well as free radicals. The rolo of methyl glyoxal in fermentation, as postulated by 
Nkuberg, has been discussed from this point of view. The importance of these questions 
has repeatedly been stressed by Wieland. 

To mention a few specific examples, Wieland and Bertiio 1305) in their studies 
of the oxidation of alcohol via acetaldehyde to acetic acid by bacteria encountered 
such unusual kinetic relationships between the first and the second stage of the process 
that they were led to postulate a much more rapid reaction of acetaldehyde in statu 
nascendi as compared with the usual, stable form of acetaldehyde. It is possiblo that 
the acetaldehyde formed in the first step remains linked to the enzyme, that it is parti- 
cularly reactive in this state and that it is thus enabled to react rapidly to form acetic 
acid. Quastel and Wooldridge 952), in this connection, speak of the “polarizing 
field” of the catalysts on the surface of resting bacteria. 

Analogous observations on the course of the aerobic transformation of acetic acid 
into succinic acid have been instrumental in arriving at a description of enzymatic step- 
wise processes. Wieland and Sonderiioff 1327) showed that Thunberg’s hypothesis 
of the transition- of acetic acid to succinic acid by means of dehydrogenation reactions 
is so difficult to confirm experimentally, because the “activated” succinic acid in statu 
nascendi is very rapidly broken down into C0 2 and H 2 0 as the final products. This is 
the reason why only a small fraction of the total succinic acid can be detected along with 
tho remainder of the acetic acid, whereas “stable” succinic acid is attacked only one third 
as rapidly as acetic acid. As far as this consideration is concerned, it does not matter 
that the succinic acid perhaps does not arise exclusively from acetic acid but according 
to Krebs from acetic acid plus pyruvic acid (p. 274). Similarly, Weil-Malherbe 1287) 
finds that succinic acid when added to animal tissues behaves differently from that 
actually formed in theso tissues. The same holds for other intermediates, e.g. fumaric 
acid and malic acid. Accordingly we have to assume that only that fraction of the inter- 
mediates can be isolated in stable form which has lost its activation energy. The activated 
molecules, on the other hand, facilitate synthetic processes. According to Virtanen 1201) 
and Wieland and Sonderiioff 1327), the combination of activated oxaloacetic acid 
with acetic acid gives rise to citric acid. The same product results from tho collision of 
activated acetic acid with oxaloacetic acid (Knoop and Martius 583)). Franke discusses 
the acetoin formation (“carboligase reaction”) under tho same point of view-. These 
thoughts are undoubtedly also of value when applied to synthetic reactions of an higher 
order in the cell such as tho formation of fats from carbohydrates. 

The differentiation between ordinary, stable molecules, activated molecules and 
free radicals leads with necessity to the generalization that in colloidal biological systems 
there exist no chemically distinct individual compounds as intermediates, but that we 
are dealing with equilibrium mixtures of all possible phases and types of mole- 
cules at varying levels of energy. Chemically well-characterized individual substances 
may be obtained from such systems by preparative methods which imply the shifting of 
the equilibrium towards the formation of the substance to be isolated. It is precisely this 
situation which renders the a priori decision betweon several possible schemes of biological 
processes unpractical. At best, one may say that a certain schema represents the simplest 
way of describing a given set of reactions. 
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b) Anoxybiontic Breakdown of Carbohydrates *). 

We have to distinguish between three phases of sugar desmolysis: the phase of the 
‘'first attack”, anaerobic cleavage, and aerobic terminal oxidation. 

Whereas it was formerly believed that tho sphere of phosphorylation processes was 
limited to the phase of the first attack in the case of free hexoses as well as in that of 
glycogen, the recent work of Embden, Meyerhof, Lohmann, Robison, Dische and 
Faunas has shown that phosphorylation reactions also dominate almost the entiro field 
of the anaerobic cleavage reactions. Only the very last steps take place without the par- 
ticipation of phosphoric acid. They concern the transformation of pyruvic acid into 
lactic acid or into ethyl alcohol via acetaldehyde. 

It should be mentioned, howover, that certain animal cells and protozoa are able 
to metabolize glucose without the help of phosphate. Examples are brain tissue (Ash- 
ford 33)), trypanosomes (Reiner and Smythe 97 0)), tumor tissue (Bumm 155), Elliott 
24G)) and embryonic tissuo of the chick (Needham et al. 870)). 

If we disregard these atypical systems for the present, it may bo stated that tho most 
profound change in the recent viows on carbohydrate breakdown concerns the role of 
met by lglyoxal. Under the leadership of Neuberg this compound had come to be 
regarded as one of the intermediates occupying a key position of decisive importance. 
Mcthylglyoxal was held to be an intermediate in the formation of alcohol via pyruvic acid 
and acetaldehyde as well as in that of lactic acid. Today tho place of mcthylglyoxal has 
been taken by pyruvic acid. Its change to lactic acid involves hydrogenation in contrast to 
methylglyoxal which in Neubkrg’s schema forms lactic acid by hydratution. However, 
the existence in animal tissues of an enzyme, ketonealdehyde mutase or glyoxalase, 
catalyzing this reaction is proof in itself that methylglyoxal must have some biological 
significance; its independence of phosphorylation reactions suggests its importance in 
those cells which metabolize glucose partly or wholly without tho participation of phos- 
phoric acid. Incidentally, tho glyoxalase reaction is the only instance in which the 
necessity of glutathione for carbohydrate breakdown lias thus far been demonstrated: 
According to Loiimann, glutathione in the SH-form is the activator of glyoxalase. It 
is therefore not surprising that Needham et al. 1115a) find glutathione to be indispen- 
sable for phosphorus-free carbohydrate desmolysis. 

The current belief is that pyruvic acid arises first in the form of phospho- 
pyruvic acid and more especially as the phosphorylated cnol form: 

CH 2 

II 

C— 0— po 3 h 2 


COOH 

The phosphopyruvio acid exists in equilibrium with 2-phosphoglyceric acid. The enzyme 
catalyzing this equilibrium is called enolase. Pliosphopyruvic acid is the last phosphory- 
lated compound in the chain of breakdown. Its phosphoric acid radical is transferred 
to glucose or glycogen by the action of the cophosphorylaso (p. 222). The froo pyruvic 
acid is then either reduced to lactic acid in animal tissues or it is decarboxylated to 
acetaldehyde in alcoholic fermentation. 

*) Recent . reviews : Meyerhof 788) and Parnas 917). See also Oppenheimek’s “Supple- 
ment”, p. 1352 — 1305. 
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A further important development in tho field of phosphorylation concerns the nature 
of the substrate which stands at the beginning of the anoxybiontic carbohydrate break- 
down. This substrate now appears to be g 1 y c o g e n rather than a free hoxose. For certain 
animal tissues and cells such as muscle and erythrocytes this fact has been recognized 
for some time. Willstatter and Roiidewald 1337) show that the same is true for 
yeast and leucocytes which synthesize glycogen from glucose previous to the phase of 
the “first attack”. This development is also of interest from an enzymatic point of view. 
Glycogen is already “phosphorylated” and Parnas and Willstatter have demonstra- 
ted for the case of muscle and yeast respectively that the “first attack” on glycogen 
does not yield P-free hexoses but “active” sugar phosphates. Ostern 908) has shown the 
same to hold for starch as the substrate. The first attack on glycogen is not a hydrolysis, 
but a phosphorolysis whoro glycosidic linkages are dissolved by the attachment of 
phosphoric acid residues (Parnas). Where free hexoses are directly attacked we have to 
assume that the process starts with a intramolecular rearrangement of a stable hexo- 
pyranose into a reactive form. The latter which is not capable of existence as such is 
stabilized by phosphorylation. In all of these reactions there are always several phosphoric 
acid ester formed simultaneously: The monoesters glucopyranoso-G-phosphoric acid, 
fructopyranose-1 -phosphoric acid, fructosefuranose-G-phosphoric acid and glucopy- 
ranose-1 -phosphoric acid (Cori and Cori 185)) and the furanoid fructose-diphosphoric 
acid. According to the present views the latter is the decisive constant intermediate of the 
desmolysis proper demonstrating tho necessity of the rearrangement of the pyranoid 
into the furanoid structure. The only uncertainty concerns the very first product arising 
from glucose. There is a distinct possibility that enolization of the glucose takes place to 

form the configuration C l (()H) = C 2 (OH) which has been proposed by a number 

of authors, e.g. Harden, Neuberg, Ohle, and Nilsson 890). If this is tho case, the en- 
zyme catalyzing the rearrangement would be the hexokinase of Meyerhof. If the latter 
is a phosphorylating enzyme, the first step would probably consist in the phosphorylation 
of the enol form in 6-position and the second in a rearrangement into one of the fura- 
noid hoxosemonophosphat.es. One could of course also visualize an enzyme tho only 
function of which w r ould be to change glucose into the enol form. The latter, being 
unstable, may then be temporarily stabilized by spontaneous reaction with phosphoric 
acid. Glycogen, as has already been mentioned, yields hexosemonophosphates by direct 
phosphorolysis at the glycoside linkages in 4-position (Parnas). It was formerly assumed 
with Euler that the monophosphates are further split into two C 3 -fragments one of 
which is changed to methylglyoxal without the aid of phosphorus, while the other which 
contains P is resynthesized to zymophosphate (hexosediphosphate) by a secondary reac- 
tion. In the new schema of fermentation the furanoid zymophosphate occupies the 
starting position. It arises by the reaction of hexosemonophosphate with phosphopy- 
ruvic acid. The first step in the breakdown is the formation of the equilibrium system 
zymophosphate +£ 2 triosephosphoric acid set up with the help of the enzyme aldolase 
(Meyerhof and Lohmann). The triosephosphoric acids, in turn, form an equili- 
brium system, Glyceraldehyde phosphoric acid Diliydroxyacetone phosphoric acid, 
which is shifted far over to the right hand side. 

According to the original view of Embden and Meyerhof, this equilibrium system of 
triosephosphoric acids would give rise to the formation of glycerophosphoric acid and 
3-phospho^ lyceric acid : 

CH 2 OH CHOH CII 2 0 -P0 3 H 2 + HOOC CHOH CH 2 0 -P0 3 H 2 . 

Although such a dismutation is quite feasible and certainly does occur under certain 
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conditions, it is no longer believed to be an important intermediary step in fermentation. 
It appears that glyeerophosphoric acid is not regularly formed. The reaction has been 
somewhat relegated to the background in favor of a direct dehydrogenation of phospho- 
glyceraldehyde by pyruvic acid which was first postulated by Disciie 206) in the case 
of erythrocytes and which has now been accepted by Meyerhof also for the case of 
muscle. 

Jn any event, at this stage 3-phosphoglyceric acid is formed as the essential inter- 
mediate. According to Meyerhof, it is transformed into 2-phosphoglyceric acid and then 
to phosphopvruvic acid by the enzyme enolaso with the loss of one moleculo of water: 
H 2 P0 3 0 -CH 2 -CHOH •C00H->CH 2 0H -C(0 -POgRJH •C0()H->CH 2 -C(0 -POgH^COOH 
Without liberation of inorganic phosphorus phosphopyruvic acid looses its phosphoric 
acid to hexosemonophosphate which becomes hexosedipliosphato (zymophosphate). This 
transfer is a direct one in the case of yeast and an indirect ono in the case of muscle. 
The free pyruvic acid thus formed is either hydrogenated by glyeerophosphoric acid or 
triosephosphoric acid to lactic acid with the formation of phosphoglyceric acid or it is 
decomposed by decarboxylation. Depending on the enzyme system in operation, either 
acetaldehyde or lactic acid is thereby produced. As has already been indicated, the phos- 
phoric acid residues combine with fresh carbohydrate molecules which furnish the hy- 
drogen required for the reduction of acetaldehyde to ethyl alcohol. This process in turn 
yields phosphoglyceric acid and later pyruvic acid via triosephosphoric acid, and so on. 
The coonzymc system active in these phosphorylation reactions is adonosinetriphosphoric 
acid -f- magnesium (Meyerhof-Loiimann): Adenylic acid accepts the phosphoric acid 
from the phosphopyruvic acid and the adonosinetriphosphoric acid thus formed in turn 
yields phosphoric acid to glucose or to hexosemonophosphate (Parnas). In muscle, the 
process is somewhat complicated by the fact that the adenosinotriphosphoric acid will 
transfer phosphoric acid first to creatine to form phosphocreatine (phospliagen) and that 
it is the latter which phosphorylates the sugar. 

How do the pyridinenuclootides (e.g. cozymase) and their specific bearer proteins fit 
into the picture? The present consensus of opinion (Euler 272), Meyerhof 795)) appears 
to bo that a pyridine ferment participates in the dehydrogenation of triosephosphoric 
acid, probably of phosphoglycoraldehyde, by being reduced to the dihydropyridine form. 
Pyruvic acid functions as the acceptor of the hydrogen of the dihydropyridine. The pro- 
ducts of the reaction are then lactic acid and phosphoglyceric acid. In muscle, again, a 
synthesis of phosphocreatine with the aid of adenylic acid intorposes itself at this stage. 
According to Euler, equilibria are set up: the hydrogenated cozyinase is not only de- 
hydrogenated by pyruvic acid but also by glyceraldehydephosphoric acid. The combina- 
tion of the two reactions is equivalent to Embden’s "dismutation” of triosephosphoric 
acid into phosphoglyceric and glyeerophosphoric acid. In the event of the catalytic 
decarboxylation of pyruvic acid the latter is replaced by acetaldehyde as the acceptor 
of the pyridine hydrogen. The end product in this case is, of courso, ethyl alcohol. The 
pyridine enzyme responsible for this reduction is the acotaldehydrese which is 
identical with the well-known alcohol dehydrogenase. Another component of War- 
burg’s fermentation test system, the A-protein of Negelein, is necessary for the phos- 
phorylation of hexosemonophosphoric acid to hexosodiphosphate by phosphopyruvic acid. 
It appears that the pyridine enzymes react only with triosephosphoric acid formed from 
zymophosphate. In this sense, the hexosomonophosphates are not yet ‘ ‘reaction forms’* 
since they are not attacked by the pyridine enzymes of anoxybiosis (Meyerhof). 

The question of the coupling between oxido-reduction processes and phosphor- 
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ylation reactions in anaerobic carbohydrate breakdown has recently been further 
investigated by Meyerhof and his associates. The correlation of analytical figures for 
phosphorus distribution over the various fractions obtained from fermentation systems 
(inorganic phosphorus, readily and difficultly liydrolysablo phosphorus, etc.) with spec- 
trographic studios of the cozymase-dihydrocozymaso system during fermentation led 
Meyerhof, Oiilmeyer and Moiile 798) to propose the following alternative schomes 
for the esterification of inorganic phosphate in fermentation: 

1 Phosphoglyceraldehydo + 1 Cozymase + 1 Adenosinediphosphoric acid + 1 Phos- 
phoric acid 1 Phosphoglyceric acid -f- 1 Dihydrocozymaso + 1 Adenosinetriphos- 
phoric acid, 

or, 

2 Glyceraldehyde phosphoric acid -j- 2 Cozymase + 1 Adenosinemonophospho- 
ric acid (Adenylic acid) + 2 Phosphoric acid 2 Phosphoglyceric acid -f- 2 Di- 
hydrocozymase -f- 1 Adenosinetriphosphoric acid. 

According to these schemes, the coupling between the hydrogenation of cozymase 
by triosephosphoric acid and the addition of inorganic phosphate to adenine nucleotide is 
a reversible process. In accordance with suggestions made by Euler and also Ostern, 
the workers consider it possible that the molecule common to the two processes — i.e. 
phosphorylation and oxidoreduction — may be cozymaso itself. 

The preparation of the radioactive phosphorus isotope P^ (written P a for pur- 
poses of simplicity), has made it possible to “label” the phosphoric acid radicals and to 
follow their fate in fermentation processes. Thus, Hevesy, Parnas and their colla- 
borators 479) synthesized radioactive adenylic acid from NagHT^O* + Adenosine and 
added it to fermenting yeast. After incubation an appreciable fraction of the radioactive 
phosphate was recovered in the sugarphosphoric acid ester fraction. 

Meyerhof et al. 796) have applied the same powerful tool to the study of some inter- 
mediary reactions of glycolysis. Due to the reversibility of the coupling between hydro- 
genation of cozymase by triosephosphoric acid and the combination of inorganic phos- 
phate with adenine nucleotide (798)), P a will invariably enter the adenosinetriphosphate 
molecule during oxidoreduction. From there, P a goes to other phosphate acceptors by 
rephosphorylation. Under physiological conditions the “Wcchselzahl” of the readily 
hydrolyzable phosphate in adenosinetriphosphoric acid amounts to a few seconds. 

Cozymase does not bind inorganic phosphate either in the course of the hydrogon 
transfer or of phosphate transfer. Similarly, all pure re-esterification reactions, e.g. the 
Parnas reaction when taking place without oxidoreduction, occur without the partici- 
pation of inorganic phosphate. The same holds for the intramolecular shift of phosphoric 
acid groups, o.g. during the equilibrium reaction 3-Phosphoglyceric acid 2-Phospho- 
glyceric acid. 

Of all rephosphorylations involving adenine nucleotido the splitting of phospho- 
pyruvic acid only is irreversible. The authors, therefore, attribute to this reaction a 
function comparable to that of a safety valve in anaerobic carbohydrate break- 
down. 

There can no longer be any serious doubt that the new scheme of anaerobic carbo- 
hydrate breakdown as sketched above is correct. The main question which remains open 
is whether it is the only scheme of desmolysis. One of the most important arguments 
brought forward against this hypothesis is that in certain instances cells are able to 
metabolize glucose in the presence of fluorido which is known to block Embden-Meyer- 
hof’s scheme at the stage of phosphoglyceric acid. This is true for certain bacteria and 
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yoast strains (Werkman 1294)) and also for embryonic tissues (Needham 871)) where 
both mechanisms, viz., tlio ‘‘phosphorylation scheme” and the “phosphorus-freo break- 
down”, seem to be operative. As has already been said, the main intermediate in the latter 
type of desmolysis is believed to be methylglyoxal. 

Gaddie and Stewart 384), on tho basis of experiments with glutathione as the 
activator of the ketonealdehyde mutase (glyoxalase), conclude that methylglyoxal is 
actually formed in muscle and that it is not to be considered as an artefact. They find 
that in the absence of glutathione methylglyoxal is formed and that in its presence lactic 
acid arises. Their experiments would indicate furthermore that glutathiono also affects 
the processes involving pyruvic acid. Acetone-dried preparations of muscle and “Thun- 
b erg” -muscle extracts will form methylglyoxal, but will not attack pyruvic acid even 
when glycerophosphoric acid is added (Aubel and Simon 42)). Glutathione causes an 
increase of lactic acid formation at the expense of methylglyoxal which is amenable to 
analysis. There is, of course, also the possibility that there exist avenues of desmolysis lea- 
ding neither through phosphoglyceric acid nor methylglyoxal. For details concerning the 
„P-free” breakdown of carbohydrates see Oppenheimer’s „Supplement” p. 1477. 

c) The Oxybiontic Terminal Desmolysis*). 

Ordinarily, the oxybiosis of sugars involves as substrates the products formed by 
the anoxybiontic desmolysis. The key substance hero appears to be pyruvic acid, no 
matter whether it is primarily produced by the main schema of anaerobiosis drawm 
above or from methylglyoxal or in an indirect manner by dehydrogenation of lactic acid. 
Sometimes oxidation may begin also with precursors of pyruvic acid, e.g. with phos- 
phoglyceraldehyde or, according to Jost 510) with phosphopyruvic acid. There is, of 
course, also the approach from ethyl alcohol leading to acetaldehyde and acetic acid. It is 
not knowm whether this occurs under physiological conditions except in microorganisms, 
although added alcohol is oxidized by animal tissues. The principle that the anoxy- 
biosis is the quantitatively most important preparatory stage for 
oxybiosis is now generally accepted, largely due to the efforts of Kluyver (cf. 578) 
and his coworkers (cf. Hoogerheide 496)). Keeping this in mind we inay look into other 
possibilities of oxybiontic carbohydrate breakdown, although their chemistry and their 
actual import for vital processes are largely obscure. For example, we have knowledge 
of tho beginning of the oxidation of the unshortened carbon chain of hexoses. There is 
the oxidation of glucosemonophosphate to phosphohexonic acid by an enzyme consisting 
of codehydrogenase II (triphosphopyridino nucleotide) and of a specific bearer protein 
(p. 218). In presence of yeast proteins, Bobison ester is oxidized with the uptake of 3 0 2 
(Warburg and Christian 1254)). According to Lipmann 720), the process involves an 
oxidative decarboxylation: 1.5—2 molecules of C0 2 are produced per 1 molecule of 
oxygen absorbed, no C0 2 being liberated under anaerobic conditions. In addition, we 
know of a process whereby glucose itself is oxidized to gluconic acid. The enzymes cataly- 
zing this reaction are the glucose dehydrogenase of Harrison 459) which occurs in ani- 
mal tissues and also in acetic acid bacteria (Tanaka 1137)) and tho glucose oxidase of 
Muller which is found in moulds. According to Takahashi 1129), Hhizopus trans- 
forms gluconic acid into alcohol, formic acid, acetic acid, succinic acid and fumaric acid 
with tartaric acid as a hypothetical intermediate. 

The possibility of a different type of sugar desmolysis has also been suggested by 
~~ *y The literature up to 1933 has been reviewed by Lohmann 732). 
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attempts to demonstrate a respiration with sugar as substrate which is independent of 
fermentation. We refer to the well-known experiments of Lundsoaard 740) according 
to which iodoacetic acid, at least at ph higher than 4.5, suppresses the fermentative 
metabolism of yeast and cold-blooded animals without affocting appreciably the respira- 
tions. There are also the observations of Trautwein et al. 1186) that yeast, at ph higher 
than 8, will no longer ferment but continues to respire. The statement of theso workers 
that maltose is oxidised by yeast strains lacking maltase has boen criticized by Kluyver 
and Hoogerheide 579) on the ground that the maltose used contained fermentable 
impurities. Hoogerheide 496) has shown that yeast is only ablo to oxidize those sugars 
which are also fermented. This problem of an atypical oxidation of sugar involving no 
lactic acid or other products of fermentation is still at a controversial stage. In the case 
of plants and particularly the slightly fermenting moulds in particular such an atypical 
metabolism is quite possible (Bo ysen- Jensen 141)). The beginning of sugar breakdown 
may well be made here by the glucose oxidase of Muller and the gluconic acid thus 
formed may well be desmolyzed in a manner totally different from that of lactic acid. *) 
There exist also some experiments concerning animal tissues pointing in this direction, 
e.g. those of Loebel 727) who finds that fructose is not glycolyzed by brain slices but 
that it is completely burned by them, and the analogous experiments of Siierif 1018) and 
Quastel 947) with galactose. It is not known whether the oxidation of fructose or 
galactose is accomplished by the main chain of respiration comprising the hemin systems 
or by the mechanism of the secondary or residual respiration. For a critical evaluation 
of the effect of iodoacetic acid on fermentation (glycolysis) and respiration reference is 
made to the papers by Meyerhof 789), Krebs 599), Yamamoto 1368) and to the review 
article by Krebs 602). 

In any event, the key substance of the beginning aerobic breakdown in normal 
cells is p y r u v i c a c i d. In those cells which contain carboxylase the path leads over acetal- 
dehyde to acetic acid which is dehydrogenated to succinic acid. But also in cells which 
contain no true carboxylase, acetic acid is probably an intermediate. Lipmann 726) 
has shown that lactic acid bacteria change pyruvic acid into acetic acid by oxidative 
decarboxylation, and Cook 182) has demonstrated the presence of acetic acid in fresh 
liver tissue. The transformation of acetic acid into succinic acid goes probably by way of 
a-ketoglutaric acid. Succinic acid and ketoglutaric acid may also arise under anaerobic 
conditions from substances like glutamic acid, aspartic acid, and also sugars (Krebs). 
Beyond the stage of succinic acid, however, there is no possibility of further anaerobic 
dehydrogenation. From there on the terminal hemin system and oxygen as acceptor 
are apparently required. 

The decisive key reaction consisting in the dehydrogenation of acetic acid to suc- 
cinic acid has long been a theoretical postulate. Wieland and Sonderhoff 1327) have 
shown that this was due to the fact that activated succinic acid, i.o. succinic acid in statu 
nascendi, is rapidly further oxidized. The analytical detection of succinic acid has been 
possible in the case of Rhizopus (Takahasiii 1129)), of Mucor (Butkewitscii 158)), 
of “depleted” yeast (Wieland and Sonderhoff 1327)) and Fusarium Uni Holley 
(Rotini et al. 1008)). 

Depleted yeast transforms added acetic acid under aerobic conditions mainly into 
C0 2 and H 2 0; but a few per cent of succinic acid and also citric acid may also be detected. 
In the event that acetic acid appears as an intermediate in the oxidation by depleted 
yeast, it can also bo demonstrated. This is true for the oxidation of alcohol (Wieland 

*) Details will be found in Oppenheimer’s „Supplement” p. 1455. 
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and Wille 1329)) and of lactic acid and pyruvic acid (Wieland ot al. 1309)). In both 
instances, tho oxidation proceeds via acetaldehyde, acetic acid and succinic acid. Methyl- 
glyoxal is also oxidized via acetaldehyde although only slowly. For animal tissues the 
change of added acetic acid to succinic acid has as yet not been demonstrated. This 
may be duo to a decreased reactivity of “stable” acetic acid as compared with acetic 
acid in statu nascendi. Such a reactive form might conceivably be produced in vivo from 
acetoacetic acid (Kuiinau 623)). 

All the steps following succinic acid have been shown to be enzymatic catalyses 
(Hahn et al. 440), F. G. Fischer 337),Quastel and Wheatley 946) and other authors). 
These consecutive steps are: 

Succinic acid— >-Fumaric acid -> Malic acid -> Oxaloacetic acid— > Pyruvic acid. 

From pyruvic acid the cycle starts anew. We see that the shortening of the carbon 
chain is accomplished by decarboxylation and not by direct oxidation of the carbon. 
At the end of a complete cycle, i.e. from pyruvic acid to pyruvic acid, one pyruvic acid 
equivalent has been completely oxidized while the second has been recovered. 

At the stage of oxaloacetic acid a secondary path loads to citric acid (Wieland 
1309)). Citric acid may represent a normal metabolite. Under anaerobic conditions, 
yeast ferments citric acid to acetone dicarboxylic acid + formic acid (Wieland and 
Sondeiuioff). The former is then hydrolytically decomposed into acetic acid and C0 2 . 
The oxybiontic breakdown of citric acid has recently acquired a considerable interest. 
Upon dehydrogenation by citrico dehydrogenase with methylene blue (Martius and 
Knoop 755,756) and also with oxygen (Krebs 611)) as acceptor, a-ketoglutaric acid is 
formed and thus the path to the succinic acid system is thrown open. Ketoglutaricacid 
is now recognized as one of the most important key substances of oxybiosis. In the break- 
down of citric acid, the following compounds play a role besides ketoglutaric acid: iso- 
citric acid, oxalosuccinic acid, and cis-aconitic acid (Martius and Knoop). All of them are 
readily oxidized and are also partly changed back into citric acid by surviving tissue. 
According to Krebs, the formation and the breakdown of citric acid represents a process 
which in its partial reversibility is somewhat analogous to the fumaric acid cycle of Szent- 
Gyorgyi (seep. 268). Accordingly, Krebs speaks of citric acid as a respiratory catalyst. 
The “citric acid cycle” is blocked by arsenite at the level of ketoglutaric acid (Krebs). 

The difficulty with regard to the first stages following pyruvic acid in animal tissues 
has been the absence of an active carboxylase in all organs except muscle. The same holds 
for lactic acid forming bacteria such as B.delbrucki (Davis 196)) and B. coli (e.g. 
Mazza 769)). On the other hand, the new schema of anaerobic carbohydrate breakdown 
in such cells postulates the absence or at least only a small activity of a typical carboxy- 
lase: If pyruvic acid is to be hydrogenated to lactic acid as the end product of glycolysis, 
it must not be previously decarboxylated. Kinetic considerations are of course also 
important. In the reverse process, namely, the dehydrogenation of lactic acid by butyric 
acid bacteria, Wieland and Sevag 1326) observed retardation of decarboxylation as 
comparod with the rate of formation of pyruvic acid. In oxybiosis it is quite possible that 
the hydrogon originally mobilized for the hydrogenation of pyruvic acid to lactic acid is 
rapidly used up by a stronger acceptor and that the pyruvic acid in this caso might suffer 
a non-enzymatic breakdown to acetaldehyde of the type observed by Wieland and 
Wingler 1330) at palladium surfaces. According to Hahn 440), oxaloacetic acid suffers 
j8-decarboxylation in this way, even heated tissue being active. The latter statement is 
contested by Szent-Gyorgyi (p. 268). It should be noted that acetaldehyde has not 
yet been detected as an intermediate in the aerobic breakdown of pyruvic acid in animal 
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tissues (e.g. Elliott et al. 244)). Cedrangolo 166), on tho other hand, postulates acet- 
aldehyde as an intermediate in liver metabolism on tho basis of inhibitor experiments 
with dimedone. 

Until recently, all schemes proposed for an oxidation of pyruvic acid without a transi- 
tion to acetaldehyde were purely speculative. They included tho condensation of two 
pyruvic acid molecules to form acetoacetic acid (Gorr 410)),parapyruvic acid (Annau 
et al. 29)) or diketoadipinic acid (Toeniessen 1182); Mazza 769); Possenti 935)). 
Weil-Malherbe 1287) postulates a dehydrogenativo condensation of 2 molecules of 
pyruvic acid followed by direct decarboxylation to a-ketoglutaric acid (see below). 
The same author discusses the production of an unstable intermediate in this pro- 
cess (1288)). 

It would appear now that all these complex schemes might perhaps be dispensed 
with. W e have to recognize that there oxists a direct oxidative decarboxylation 
of pyruvic acid to acetic acid + C0 2 . Three different interpretations of the mecha- 
nism of this reaction have been proposed which are not altogether mutually exclusive. 

There is the explanation by Sevag 1045) that pyruvic acid in statu nascondi is 
rapidly oxidized by freshly produced II 2 0 2 . This oxidation of pyruvic acid to acetic 
acid + C0 2 by II 2 0 2 has been known for a long time and it has recently been investigated 
from a kinetic point of view by Wassermann 1254). Sevag finds that pneumococci are 
unable to attack pyruvic acid, whereas lactic acid is transformed into acetic acid + C0 2 . 
He assumes that in the dehydrogenation of lactic acid pyruvic acid and H 2 0 2 are formed 
which will react with each other instantaneously, even in presence of catalase. According 
to Wieland, a catalase resistant peroxide of the type CH 3 -~- C — COOH is probably 

/\ 

OHO OH 

formed. It is subsequently decomposed into acetic acid, C0 2 and H 2 0. 

It is questionable whether these observations made with anaerobes may legitimately 
be applied to aerobic organisms, particularly in view of the fact that animal cells and 
also lactic acid forming bacteria are equipped with an enzyme, pyruvic dehydrogena- 
so, catalyzing the dehydrogenation of pyruvic acid in a specific manner. The enzyme is 
closely related to carboxylase, sharing with it the agon, viz. vitamin B^pyrophosphoric 
acid (p. 205). One ought to speak of a group of pyruvic dehydrogenases rather than of 
the pyruvic dehydrogenase inasmuch as there are indications that tho bearer proteins 
to which the prosthetic group or coenzyme is attached in the various cells show minor 
differences finding expression in a certain difference in properties. Barron and Miller 
87) have found a pyruvic dehydrogenase in gonococci and they have given it the name 
oe-ketooxidaso. The system consists of an anoxytropic dehydrogenase which may utilize 
as acceptors dyestuffs of suitable potential, e.g. cresyl blue, and of an “oxidizing” iron 
or hemin system which enables the enzyme to utilize molecular oxygen as acceptor. 
A similar enzyme which appears to contain a flavoprotein instead of the iron system as 
the oxygen transferring component has recently been studied by Lipmann 726) in B. 
delbrucki. Davis 196) had previously shown that this system catalyzes the oxidation 
of lactate and pyruvate to acetic acid + C0 2 . Lipmann was able to show that tho dehy- 
drogenase has the same agon as the carboxylase from yeast: after removing the natural 
coenzymo by suitable washing procedures he could replace it by a crystalline cocarboxy- 
lase preparation of Lohmann and Schuster 738) from bottom yeast. The difference 
between carboxylase and the B.delbriicki enzyme is that the lattor will decarboxylate 
pyruvic acid only if 2 hydrogen atoms are detached at the same time. According to 
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Lipmann 1164), pyruvic acid may also be oxidatively decarboxylated by ferric iron and 
methylene blue in light. 

How can we visualize the chemistry of an oxidative dehydrogenation of pyruvic 
acid to acetic acid and C0 2 ? One would have to assume that pyruvic acid exists in the 

/OH 

form of an ortho-acid, CH 3 CO*C — OH, in the dehydrogonation of which the C0 2 

\)H 

becomes labile and is split off. If this is the case the enzyme responsible would bo very 
similar in its action to the aldehydrasos which will also attack an ortho-form of the 
aldehyde, R*CH(OH) 2 . Another possibility would be that the process takes place in two 
steps the first of which is a straight decarboxylation of the pyruvic acid and the second 
of which consists in a rapid oxidation of the acetaldehyde thus formed to acetic acid. 
The inhibition of the oxidation of pyruvic acid by liver tissue in the presence of dimedone, 
a reagent for aldehydes appears to favor the second alternative (Cedrangolo 166)). 

A related enzyme system is stated to effect a breakdown of pyruvic acid in anima 
tissues which begins with a "dismutation” reaction (Krebs 605, 606, 609, 610); Lip- 
mann 724)). Two molecules of pyruvic acid react to form acetic acid, lactic acid and C0 2: 

+ h 2 o 

CHg-CO -C00H + CHg-CO COOH >CH 3 -C00II + C0 2 + CH 3 -CHOH-COOH (1) 

Thereby half of the pyruvic acid is transformed into the next lower stage of desinolysis, 
acetic acid, and the lactic acid is perhaps changed back to pyruvic acid by dehydrogena- 
tion. This reaction occurs under anaerobic conditions. Succinic acid is also formed under 
these circumstances. Krebs assumes that it arises through tho oxidative decarboxylation 
of a-ketoglutaric acid. Ho finds that the acceptor in this anaerobic transformation is a 
keto-acid, e.g. pyruvic acid, which in turn is changed into an hydroxy-acid. He further- 
more assumes that the same reaction takes place in the course of tho desmolysis of 
pyruvic acid alone. Following upon reaction (1) in which acetic acid is formed, it is assu- 
med that 1 molecule of pyruvic acid + 1 molecule of acetic acid as the joint donators 
will react with a keto-acid as the acceptor in such a way that ketoglutaric acid plus a 
hydroxy-acid are formed. In other words, Krebs postulates a dehydrogenation of two 
methyl groups in the sonse of Wieland: 

CHg-COOH CH 2 COOH 

+ U-CO-COOH — > | + R-CH0HC00H (2) 

CH 3 -CO -COOH CH 2 -CO -COOH 

The third stage of the reaction, the oxidativo decarboxylation of ketoglutaric acid 
by “dismutation” corresponds to reaction (1): 

CII 2 -C0()H CIL-COOH 

| + li-C0*C00H -> | + C0 2 + R-CHOII-COOII . . (3) 

CH 2 -CO -COOH CH 2 -C00H 

The enzyme system catalyzing this reaction would have to be classified as a mutaso. 
Since any keto-acid may function as acceptor, tho hydrogenation of acetoacotic 
acid (cf. Edson 229)) as well as that of oxaloacetic acid might conceivably be accomplished 
in this manner. This would lend a new aspect to the theory of Szent-Gyorgyi (p. 268) 
which postulates a hydrogenation of oxaloacetic acid to malic acid which in turn exists in 
an equilibrium with fumaric acid catalyzed by fumarase. In these reactions, too, vitamin 
or rather its pyrophosphoric acid ester acts as a coenzyme. The scheme outlined above 
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appears to have general validity: any a-keto-acid may either react with itself or with 
another a-koto-acid to form a simple acid + C0 2 plus an a-hydroxy-acid or it may react 
with a j8-keto-acid to yield a simple acid + C0 2 plus a ^-hydroxy-acid. In the course of 
such dismutations acetoacetic acid also arises. Consequently, acetoacetic acid may be 
derived from carbohydrate in the following manner: the sugar is broken down to pyruvic 
acid; pyruvic acid and acetic acid form an acetylpyruvic acid which through an 
oxidativo or hydratizing decarboxylation breaks down into the equilibrium system 
acetoacetic acid + H 2 ^-hydroxy butyric acid: 

+ 0 ^ CH 3 C0-CH 2 -C00H + C0 2 

CH3 -CO CH, -CO -COOH 

-Th^cT-* CH 3 -CHOH CH 2 COOH + co 2 

Liver transforms the acetylpyruvic acid aerobically to acetoacetic acid and anaero- 
bically to /?-hydroxybutyric acid. 

As far as pyruvic acid itself is concerned, Krebs assumes that this anaerobic des- 
molysis is not the only mechanism. Whereas in brain and testis tho breakdown of pyruvic 
acid is identical under anaerobic and aerobic conditions, in the case of kidney slices there 
exists also an additional aerobic mechanism which might perhaps be explained by 
Barron’s and Lipm ann’s scheme. 

The concept of the dehydrogenation of pyruvic acid by biological acceptors with a 
simultaneous liberation of C0 2 promises to throw light on some other, still more com- 
plex, fermentation reactions. According to Wood and Werkman 1343), for instance, 
the propionic acid formation by certain bacteria may be due to the functioning of mothyl- 
glyoxal as an acceptor of the hydrogen of the pyruvic acid. The reduction of the mothyl- 
glyoxal would yield propionic acid. As a matter of fact, the presence of pyruvic acid and 
its decomposition into acetic acid -f- C0 2 have been established in these bacteria. On the 
other hand, propionic acid is probably also formed via succinic acid and by the hydroge- 
nation of pyruvic acid. Again, in Clostridium butyricum, pyruvic acid serves as 
donator and butyric acid as acceptor with the resulting formation of butanol (Brown 
et al. 151)). 


d) Amino Acids and Fatty Acids. 

These two groups of substances will be discussed here under a common heading, since 
the main reaction of their desmolysis consists in the breakdown of the carbon chains of 
varying length into products which might be termed “sugar decomposition products’* 
from an enzymatic point of view. Before entering into a discussion of this process, we 
have to take up the question of the primary deamination of the amino acids 
which presents a problem of its own. 

We have to distinguish between the independent” or “isolated” deamination of 
amino acids by certain catalytic mechanisms and tho enzymatic desmolysis of amino 
acids where the deamination is only one of the various phases of breakdown. The former 
may be brought about by “unspecific” heavy metal catalysis, by specific dehydrogenases, 
by quinone catalysis and, perhaps, by an anaerobic hydrolytic deamination. The latter 
is now known to consist in an enzymatic dehydrogenation of the amino acid into the cor- 
responding amino acid and a subsequent hydrolysis to an a-keto-acid with the liberation 
of NH 3 . The experimental proof for this schema has been furnished by tho experiments of 
Krebs 600, 601, 608) who was able to stabilize the corresponding keto acids in kidney 
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slices by poisoning their respiration with arsenite (HON is not suitable in this case). The 
formation of a peroxide at the nitrogen atom postulated by Krebs has already been 
characterized as an unnecessary complication (p. 121). The hydrogen peroxido which is 
formed as a by-product causes secondary oxidations. Krebs was furthermore able to 
elucidate the fate of the individual amino acids. In the case of glutamic acid, for instance, 
he showed that the desmolysis leads over a-ketoglutarie acid and succino-semialdehyde 
to succinic acid: 


CH, 


/ 


CHCNHa)— COOH 


►CHo 


CO— COOH 

/ -co 2 


CH 2 -C: 


/ 


H 


\ 


ch 2 cooh 


\ 


^0 


+ h 2 o ch 2 *cooh 


CH 2 — COOH 


CH.-COOH 


+ Acceptor 


CHg-COOH 


It is noteworthy that this schema which was proved by Krebs for the case of tissue slices 
has previously been postulated by F. Ehrlich and verified by Neuberg for yeast. The 
last step, the dehydrogenation of the aldehyde to succinic acid, may also proceed anaero- 
bically in the presence of a suitable hydrogen acceptor. Other keto acids, also pyruvic 
acid, appear to fulfill this acceptor function by their reduction to hydroxy acids, e.g. 
lactic acid. In this event the aldehyde stage might be dispensed with (Krebs 605, 606, 
609)) inasmuch as tho keto acid is directly, oxidatively decarboxylated according to 
Krebs. The above equation would then be simplified as follows: 


/CO -COOH CH 2 C00H 

CH 2 \ -{- H 2 0 -f* Acceptor — > I -f* C0 2 -f~ Acc.Ho* 

ch 2 -cooh ch 2 -cooii 

In this manner succinic acid may be formed anaerobically, e.g. in muscle (Moyle- 
Needham 841)). NH 3 is not liberated as such, but is probably utilized in statu nascendi for 
the synthesis of other amino acids. This assumption of Moyle-Needham has been ex- 
perimentally confirmed by Braunstein and Kritzmann 144). These authors could 
show that in the dehydrogenation of glutamic acid pyruvic acid functions as NH 3 - 
acceptor and is thus converted into alanine. In an analogous manner alanine is directly 
changed into pyruvic acid, while oxaloacetic acid represents an intermediate in the corres- 
ponding conversion of aspartic acid. Succinosemialdehyde arises also from formylgluta- 
mine, the first product of the hydrolysis of histidine by histidase, by the action of H 2 0 2 
(Edlbacher 227)). In this manner the amino acids just mentioned are directly sub- 
jected to the schema of desmolysis proposed by Thunberg. The other amino acids 
with longer C-chains are converted into fatty acids via the keto acids. If a true carboxy- 
lase is present, their decomposition leads through the aldehyde stage; if it is absent, one 
has to consider an oxidative decarboxylation of the kind discussed for the example of 
pyruvic acid. 

For the purpose of primary deamination, there are special dehydrogenases available. 
Inasmuch as these enzymes, except that acting on glutamic acid, can probably utilize 
only oxygen as acceptor they are called amino-oxhydrases (603, 601, 35, 573)). 
Although the specificity of these enzymes has not been clarified as yet, there appear 
to exist several amino-oxhydrases, e.g. a special tryptophano dehydrogenase. Further- 
more, there seems to be a soluble enzyme attacking exclusively d-amino acids (perhaps 
both a- and /J-acids) and another enzyme which is tied up with the cell structure and 
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which reacts with the naturally occurring 1-amino acids. Both types occur in micro- 
organisms and in the kidney and liver of higher animals. 

The enzymes concerned with tho further breakdown, e.g. opening of the ring of 
cyclic amino acids, can only be mentioned hero: The proline nucleus as well as the pro- 
teinogen amines, histamine and tyramino, aro attacked oxidatively (cf. Krebs 603)). 
Histaminasc (p. 94) has now been recognized as an oxidizing enzyme, histidase splits the 
histidine nucleus hydrolytically. Tho manner of desmolysis of the diainino acids is not 
known. It is probable, however, that the a-amino group is first split off and that tho 
remainder is broken down by j8-oxidation. This at least is the process encountered by 
Keil 534) in the instance of the unphysiological S-aminovalerianic acid which is converted 
into 4-amino butanone-(*2). 

Until recently, the desmolysis of fatty acid chains was no enzymatic problem, 
since an enzymatic cleavage of longer C-chains was unknown. Today we know of 
dehydrogonases of fatty acids which are present in animal tissues and which bear the 
features of anoxytropic dehydrogenases: while methylene blue is readily utilized as 
acceptor, the terminal respiratory system is required for the interaction with oxygen. 
Consequently, the oxidation with air is cyanide-sensitive, and it will only proceed with 
liver slices but not with liver brei (Quastki. and Wheatley 918)). 

The mechanism of these enzyme reactions is not yet fully elucidated. We must, 
therefore, for the present rely on observations made in investigations of intermediary 
metabolism*). In principle, thero are three ways in which the fatty acid chains are at- 
tacked. The most important reaction is Knoop’s 581) /1-oxidation whereby an acetic 
acid residue is split off from the fatty acid molecule. This is probably also the manner in 
which tho dehydrogenases break down fatty acids. The action of these enzymes appears 
to be limited to tho dehydrogenation of the CH 2 -groups close to the carboxyl group. At 
the double bond thus formed the subsequent ^-oxidation, consisting in hydroxy lation and 
further dehydrogenation, takes place. This schema has long been considered as the most 
likely for butyric acid which is dehydrogenated to crotonic acid and then probably 
hydrated to /J-hydroxybutyric acid by an enzyme analogous to fumarase (seo below). 
However, this modo of desmolysis seems to have general significance: 

R CH 2 CHj, C00H— >R CH — CH C00H->R CHOH CH 2 -COOH-vR CO -CH 2 -C00H 
etc. 

A second mechanism which has been widely discussed but not conclusively proven 
is the dehydrogenation in the middle of the C-chains which might lead to further des- 
molysis by the attachment of 0 2 to the double bond and tho formation of an intermediate 
peroxido. lt might also be that II 2 0 2 in conjunction with heavy metals (pseudo-peroxi- 
dases) brings about a secundary oxidation of the unsaturated fatty acid. I ho model 
experiments by Smhdley-MacLkan 1059) with Cu -f H 2 0 2 and unsaturated fatty acids 
are of interest in this connection. On the other hand, the relative stability of highly 
unsaturated fatty acids in intermediary metabolism suggests that they are no intermedia- 
tes in desmolysis, but that they exert a specific function in the cell. 

A third mode of fatty acid breakdown is the oj - oxidation (1185, 1186). Here the 
terminal methyl group is oxidized. The length of the carbon chains subject to this oxi- 
dation is from 7 to 12 C-atoms both in the case of triglycerides and sodium salts of the 
fatty acids. Undecylic acid will yield undecandicarboxylic acid in this manner. The 

*) For details the reviews by Oppenhejmer (l.c. 905, p. 142) and by Kuhnau 624) should 
be consulted, as well as Oppenueimeu’s “Supplement” p. 1510. 
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latter is subsequently attacked from both ends until the stage of heptandicarboxylic 
acid is reached. The quantitative significance of the ce-oxidation in higher animals is 
probably very small (see also Flaschentraeger 347) and Mazza 766)). In this manner, 
butyric acid could conceivably be converted into succinic acid. The same is perhaps 
true for acetoacotic acid which according to Kuhnau 623) also yields succinic acid. How- 
ever, it is oqually possible that the acetoacetic acid is first split hydrolytically into 
acetic acid and that the latter is transformed into succinic acid in the usual manner 
(Kuhnau). According to Krebs 605), tho succinic acid arises through interaction of 
acetoacetic acid and ketoglutaric acid, tho /1-hydroxybutyric acid being aerobically 
reconverted into acetoacetic acid and thus acting as an intermediary catalyst. This 
ce-oxidation of fatty acids is only a special case of the quite general phenomenon of 
,r methyloxidation” which has been encountered in various classes of substances such 
as terpenes (e.g. citral, geraniol) and camphor (Kuhn 650)). Kuhn is inclined to assume 
a direct oxidation whereby tho methyl group is oxidized to • • CH 2 OH and a subsequent 
dehydrogenation to • • -C00H with the participation of the usual redox systems such as 
the yollow ferment. 

Even in the case of the biologically well established /^-oxidation, the knowledge of the 
enzymes involved is quite scarco. It would appear that the fatty acid dehydrogenases 
found in the pancreas and the intestine (Tangl and Behrend 1138)), in fatty tissue and 
liver (Quagliariello 941, 942); Mazza 767)) and in plant seeds (Grande 412)) are 
merely preparing the /i-oxidation proper by creating a double bond between the carbon 
atoms 1 and 2 which is subsequently oxidized, probably to a keto acid, leading to break- 
down. In the course of this /1-oxidation eventually acetoacetic acid is formed. While 
this substance is normally further oxidized in the presence of carbohydrate decom- 
position products, it appears as an end-product in diabetes mellitus. Tho action of 
the carbohydrate decomposition products may be due either to direct reaction with 
acetoacetic acid to form ketol, CH 3 -CO -CHOH CHg-CO CH 3 , which in turn is readily 
further oxidized (Henze 476)) or to their poising effect on the redox potential of the cell 
as suggested by Kuhnau 622). 

The further desmolysis of acetoacotic acid is pictured by Kuhnau 623) as follows; 

O(OH) — CH 2 CH 2 = C(0H) 2 CH = C(OH) 2 CII 2 — COOH 

I || | yOH -> II HI | IV | 

CH C( CH 2 = C(OH) 2 CH = C(OH) 2 CH 2 — COOH 

\)H 

This conversion to succinic acid may also take place anaerobically with methylene 
blue as acceptor. 

It may well be that acetoacetic acid is not directly decomposed in this way, but that 
it re-enters the oxidation-reduction continuum in the cell by acting as an acceptor in the 
manner suggested by Krebs (p. 274). Edson and Leloir 229) formulate this concept 
by assuming a dismutation reaction between acetoacetic acid and succinic acid yielding 
as the primary product a-ketoglutaric acid which subsequently is converted into succinic 
acid. It is difficult at present to follow this hypothesis through to the last consequences. 

According to Quastel 511), acetoacetic acid is probably largely converted to ^-hydr- 
oxybutyric acid. The latter represents about 70 per cent of the total acetone bodies in 
all types of ketoses which have been observed. 
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F. Cell Respiration. 

I. Main Respiration and Accessory Respiration. 

1) General Considerations. 

Cell respiration may be defined as the sum total of all oxidative processes in the cell 
which lead to the complete desmolysis of the metabolites and which involve the uptake 
of oxygen as well as the evolution of carbon dioxide. The bulk of the substrates of cell 
respiration is formed by sugars or their decomposition products. Consequently, the 
respiratory quotient (RQ) of most tissues approaches unity undor normal conditions. 
The burning of deaminized amino acids and of fatty acids tonds to lower the R Q some- 
what. Processes with a greatly different RQ do not come under the scope of cell respira- 
tion proper; but are either anoxybiontic reactions or experimentally isolated partial 
stages of oxybiosis such as pure dehydrogenations by oxygen (e.g. of succinic acid) or 
mere additions of oxygen (e.g. to unsaturated fatty acids) or the oxidative deamination of 
amino acids. All these reactions form no C0 2 and have therefore no R Q. In some instances 
where a dehydrogenation with a predominant decarboxylation is studied the RQ may 
approach the value 2. On the other hand, it has already been pointed out (p. 241) that 
the path of cell respiration is essentially characterized by the transfer of metabolic 
hydrogen; and that tho production of C0 2 is automatically coupled with this main process 
by the fact that there arise in the course of dehydrogenation certain carboxylic acids 
which are capable of decarboxylation. The latter may either occur as a pure carboxylase 
reaction or it may be bound up with a further dehydrogenation (p. 252). The basic feature 
of cell respiration, then, is an interplay between hydrogon donators and hydrogen accep- 
tors, including oxygen, organized and regulated by a series of oxidation-reduction cata- 
lysts. 

After many detours and excursions we have returned to the concept of Battelli 
and L. Stekn (see Oppenheimer 902)) who recognized theexistence of a main respira- 
tion (“Hauptatmung”) which is linked up with the structure of tho cell and an acces- 
sory respiration (“Nebenatmung”) which is caused by enzymatic and noil-enzymatic 
systems which may be separated from the cell. This situation has been obscured for 
some time by the controversy between Wieland and Warburg who postulated the 
unitary nature of cell respiration, the former recognizing only the hydrogonation of 
oxygen by the dehydrogenases and the latter attributing all purely oxidative reactions 
to one structure-linked respiratory ferment ("Sauerstoff-ubertragendes Ferment der 
Atmung ,, ). 

The main respiration is nothing but the integer of the migration of metabolic 
hydrogen from the first donator to the terminal respiratory system. It is the respiration 
which is manifested by intact organs and tissues (also tissue slices) and which ceases soon 
after tho death of the cells as well as after mechanical damage (crushing). It is blocked 
by cyanide in low concentrations (10" 3 M.). The “first hydrogen donator” is probably 
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a sugar decomposition product, equivalent to lactic acid or pyruvic acid, arising through 
the typical anoxybiontic, preparatory stage of fermentation (glycolysis). That there are 
certain sidepaths, such as the direct oxidation of carbohydrate via gluconic acid or of 
fatty acids, has already been noted. The sensitivity towards cyanide suggests strongly 
that this main respiration proceeds practically in its entirety through the cytochrome- 
respiratory ferment system of Warburg-Keilin (p. 41). In the instance of bakers yeast, 
this has been oxperimontally proved by Haas in Warburg’s laboratory (cf. Warburg 
1234 )): if the respiration is to proceed completely through the hemin systems, the oxygen 
consumption, A, must be equal to the product of concentration of the hemin system, c, 
and the rate of the valency change Fe + + <± Fe 3+ per unit time (“Wechselzahl”) divided 
by 4, because each valency change of the iron involves J molecule of 0 2 per 1 Fe (2 FeO 



= Fe 2 0 3 ). Tho relationship A = k-c- \ could be confirmed by the comparison 


of manometric and photoelectric data. 

Tho alternative to the main respiration is the accessory respiration which has 
been characterized by Battelli and L. Stern by the fact that it is not dependent on tho 
intact structure of the cell and by its relative resistance against organic solvents and 
proteinases. These authors attributed the phenomenon of accessory respiration to the 
action of those enzymes which they were able to separate from the tissues, viz., to uri- 
case, aldehydrase, and alcohol dehydrogenase. The progress in our knowledge since that 
pioneer work requires a new definition of accessory respiration. We may say that it en- 
compasses all those oxygen consuming processes which do not involve the respiratory 
ferment. Such processes which make use of other autoxidizable systems are: 


I. Dehydrogenating Oxidations: 

1) by oxytropic dehydrogenases (e.g. Schardinger Enzyme), 

2) via the yellow enzyme, 

8) by oxhydrases and oxidases (oxidative deamination of amino acids, proteinogen 
amines, tyrosine, uric acid), 

4) quinone catalyses by autoxidizable chromogens, 

5) secondary oxidations by H 2 0 2 

a) by direct reaction with the substrate, 

b) via peroxidases and thermostable iron systems. 

II. Non- dehydrogenating Oxidations: 

Oxidation of unsaturated fatty acids, 

a>-oxidation, opening of rings (e.g. of proline). 

One might state in general that observations made on crushed tissues or cell extracts 
are not suitable to permit an evaluation of tho quantitative significance of such oxidations 
for the course of normal cell respiration. Systems which under such artificial conditions 
will catalyze independently a reaction involving atmospheric oxygen may well cooperate 
with the catalysts of main rospiration in the intact cell. This is largely true for the yellow 
enzyme which may promote an oxygen uptake under "unphysiological conditions”, 
but which within the cell of higher animals at least will probably react preferably with 
cytochrome rather than with 0 2 directly. Uricase appears to represent one of tho few 
enzyme systems which react directly with oxygen in vivo and in vitro by virtue of a 
separate heavy metal component. However, the amount of oxygen consumed for the 
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oxidation of uric acid is a quantitatively insignificant fraction of the total 0 2 -uptake of 
the cell. The same holds probably for the primary oxidation of amino acids under 
normal conditions. If however the turnover of amino acids increases due to lack of car- 
bohydrate, the amount of 0 2 thus absorbed may attain appreciable proportions since 
\ 0 2 is used up per 1 NH 2 . Such an accessory respiration with amino acids as substrate 
becomes inanifost when the main respiration of tissues particularly able to deaminize 
amino acids (kidney, liver, retina) is damaged in any way. This is observed, for instance, 
upon keeping such tissues in Ringer solution (Kisch 567)) and also when the anaerobic 
carbohydrate breakdown is interfered with by iodoacetic acid (785)). In accordance 
with the greater activity of the d-aminoacid dehydrogenases, the unnatural d-amino 
acids are faster attacked than the i- amino acids (572)). Dickens and Greville 204) 
observed a considerable formation of ammonia in tissues (kidney, spleen, Jensen 
sarcoma, embryonic tissue) which had been depleted of glucose. With the exception of 
kidney slices, the NH 3 -production was inhibited by a supply of glucoso and fructose 
(see however Elliott and Baker 246)). One will also have to consider the contribution 
to the accessory respiration made by the oxidation of the aromatic and hoterocyclic 
nuclei of protein decomposition products (proline, tyrosine) and the oxidation of hista- 
mine and tyramine. Other mechanisms are indicated in the above schema. The accessory 
respiration of certain bacteria by means of dyestuffs (pyocyanine, chlororaphine) and the 
"unphysiological" respiration of facultative anaerobic bacteria via the yellow enzyme 
are related phenomena. 

2) The Cyanide-Resistant Residual Respiration. 

The complete inhibition of normal cell respiration by HCN and H 2 S was one of 
Warburg’s main arguments in support of his postulate that the entire rospiration is 
catalyzed by iron in the form of his hemin enzyme (1230)). One of the exceptions found 
by Warburg himself (1216)) was the case of the alga Chlorella : in sugar-free media 
the respiration is not affected by cyanide. Emerson 253) has subsequently shown that 
the addition of glucose increases the rate of respiration up to 20 times and that this 
"glucose respiration" is readily poisonod by HCN. It is probable that in sugar-free 
solutions amino acids or fats are burned and this "accessory respiration" is not inhibited 
by cyanide, because no iron containing catalysts are involved. The cyanide-resistant 
residual respiration of algae is stimulated by methylene blue (Watanabe 1286)). The 
insensitivity of the respiration of yeast maceration juice and of facultative anaerobic 
bacteria towards cyanide is explained by the discovery of the yellow oxidation enzyme 
and of its carrier function by Warburg and Christian (p. 42). Since then a number of 
other organisms with a largely cyanide-resistant respiration have been described, e.g. 
Paramaecium (396, 1054)), Colpidium (921, 931)), Planaria (152)), Nitella (1007)), 
TJlva (1286)), Sarcina lutea (394)), A scans (978)), Melanoplus eggs during the 
diapause (131)), and tape worm larvae (375)). All of these organisms appear to possess a 
rather atypical respiratory system. In the case of colls and tissues with a "normal" 
respiration involving the burning of sugar, such as liver, kidney, top yeast, Aceto- 
bacter, etc. hardly any cyanide-resistant residual respiration is observed. It is only 
when the cells are damaged in some way or when instead of sugar other metabolites are 
burned that such a residual respiration appears. The appreciable HCN-resistant residual 
respiration found by Dixon and Elliott 213) was caused by their working with phos- 
phate-RiNGER media. Alt 20) and Warburg 1230) showed that the same tissues (rat liver 
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and kidney) which in the presence of phosphate had a residual respiration of 33 per cent 
had practically none (1 to 4 per cent) when examined in bicarbonate solution. An ex- 
ception is retina the respiration of which is entirely unaffected by HCN in bicarbonate- 
Ringer, only the Pasteur reaction being inhibited (Laser 705b)). The results of Field 
333) and of Stare and Elvehjem 1065) who found a residual respiration of 13 to 60 
per cent in various tissues are probably also duo to the use of phosphate. The harmful 
effect of phosphate on tissues has been confirmed by van Heyningen481) for the range 
of higher concentrations. According to this author 10" 2 M. phosphate lias practically 
no effect. Soveral workers (Banga ot al. 66), Kisch 569), Torres 1184), Engelhardt 
264)) found a residual respiration varying with the nature of the tissue and of the time 
lapsed between the death of the animal and the experiment. Their findings might perhaps 
be explained by assuming that the objects studied had suffered more or less damage 
before or during the experiment. The importance of the type of substrate oxidized has 
already been stressod in connection with this phenomenon. 

The cyanide-resistant residual respiration is not identical with the acces- 
sory respiration. This is due to the fact that HCN poisons not only the respiratory 
ferment but also enzymes like uricase, peroxidase, heavy metal-containing oxidases, 
which play an important role in the accessory respiration. On the other hand, in 
the presence of HCN certain reactions not belonging to the accessory respiration but 
ordinarily suppressed during the normal main respiration are accentuated, e.g. oxygen 
transfer via oxytropic dehydrogenases and the yellow enzyme. 

II. The Intermediary Catalysts (Mesocatalysts). 

1) General. 

The problem of prime importance in the field of cellular respiration is the elucidation 
of the nature and the sequence of the individual steps through which the metabolic 
hydrogen passes from the first donator on its way to the terminal respiratory system and 
thus to ultimato oxidation. In dealing with this problem we have to distinguish between 
the main respiration, comprising essentially the combustion of sugar breakdown products 
by the homin system, and tho independent accessory respiration. Let us first sketch the 
main respiration after making certain simplifying assumptions. One of these is that the 
terminal oxidation is not complicated by the fact that the oxygen is first reduced to 
hydrogen peroxido and that the further reduction of the latter is possibly accomplished 
by a special mechanism. Furthermore, it shall be assumed that the preparatory anoxy- 
biosis is already completed, in other words, that pyruvic acid or acetaldehyde are al- 
ready available as substrates of oxybiosis, instead of being stabilized to the end products 
of fermentation, lactic acid and ethyl alcohol respectively. Finally, the pyridine cofer- 
ment involved in fermentation is assumed to exist in the reduced form. The first catalyst 
of oxybiosis is probably a yellow ferment (flavoprotein) in the oxidized form. It dehydro- 
genates the pyridine enzyme and hands on the hydrogen to the cytochrome system(p. 41). 
Let us consider acetaldehyde as the first donator of oxybiosis. The next accep- 
tor is acetaldehydrase which in the oxidized form reacts with the aldehyde to form acetic 
acid. It is not certain which substance acts as the acceptor for the dehydrogenation of 
acetic acid. According to Reichel 966) the acceptor may be a yellow ferment but this 
is not proven. According to Szent-Gyorgyi (p. 268), the fumaric acid system enters the 
picture at this stage, or more correctly, at the equivalent stage of pyruvic acid. If we 
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now insert pyruvic acid into this schema, this substance may also function directly as a 
donator (Krebs-Lipmann): An enzyme system related to aldehydrase catalyzes a dehy- 
drogenation or a dismutation of pyruvic acid resulting in the formation of acetic acid 
+ C0 2 or lactic + acetic acid -f- C0 2 respectively. The lactic acid reverts to pyruvic acid 
through the action of lactic dehydrogenase with the aid of an as yet unknown acceptor 
which might be a hemin system. From here on it is only possible to enumerate the in- 
dividual stages of breakdown without being able to assign specific acceptors to the 
various dehydrogenase-substrate systoms. 

Reactions with Molecular Oxygen: 

The inability to place the subsequent catalysts of oxybiosis in thoir correct order is 
intimately connected with the problom concerning the stage of oxybiosis at which the 
molecular oxygen enters the picture as a chemical reactant. Theoretically speaking this 
could bo the case at any link in the respiratory chain of catalysts and intermediates which 
represents an autoxidizable redox system. The fact, however, that in cells, respiring in 
the normal way at the expense of carbohydrate, practically the entire main respiration 
is blocked by HCN supports the view of Warburg that the whole of the metabolic 
hydrogen reaches the respiratory ferment (cytochrome oxidase) as the last acceptor and 
that the sole function of the oxygon consists in the dehydrogenation of the ferrous form 
of the hemin enzyme. In other words, it appears that oven in oxybiosis all of the inter- 
mediary catalysts of main respiration, including the cytochromes, operato “anaero- 
bically” even if they are autoxidizable. Perhaps the most pertinent example is that of 
the yellow enzyme. In isolated form it is readily autoxidizable. Under the conditions of 
normal cell respiration, however, it is largely if not entirely dehydrogenated by cyto- 
chrome or other acceptors instead of molecular oxygen (p. 266). Theorell 1158) has 
shown that this is simply a matter of rates of reaction: the reduced flavin enzyme is 
much more rapidly reoxidized by ferricytochrome c than by oxygen at the tensions 
prevailing in the living cell (approx. 40 mm. partial pressure). Even oxytropic dehydroge- 
nase systems such as the Schardinger system may, in vivo, utilize other acceptors 
than oxygen, o.g. the yellow enzyme. The dependence of the important dehydrogenase 
systems (e.g. succinic or lactic dehydrogenase) on the presence of “oxidases” is 
well known. 

Oxybiosis and reaction with molecular oxygen are, therefore, no longer synonymous 
terms. Oxybiosis is meant to designate a biological phenomenon as constrastod to“ fer- 
mentation” or stabilized anoxybiosis. But it is now evident that the normal oxybiosis of 
main respiration incorporates by necessity anaerobic individual reactions and only 
one aerobic process, namely, the reoxidation of the reduced form of the respiratory 
ferment by molecular oxygen. According to this terminology the logical way to apply the 
terms “anaerobic” and “aerobic” is the consideration whether oxygen is actually invol- 
ved as a chemical reactant in the individual process in question. The mere presence of 
oxygen no longer appears to constitute a sufficient criterion. 

What has been said about the main respiration, of course does not apply to the ac- 
cessory respiration which has actually been defined as the sum of those processes 
not involving the terminal hemin system. Here molecular oxygen will probably intervene 
indiscriminately where ever an autoxidizable system exists. 

If the terminal respiratory system is either lacking or has been put out of commission 
by mechanical or chemical damage, the chain of oxybiosis shrinks to a small number of 
links, because the higher steps leading to the cytochrome system can no longer be dehy- 
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drogenated. In that event the yellow enzyme becomes probably the only coupling link 
between the anaerobic reactions and the molecular oxygen. 

2) The Function of the Mesocatalysts. 

When considering the contribution of the carrier systems or intermediary catalysts 
to respiration we have to make a sharp distinction between the phenomena of main and 
of accessory rospiration. If it is agreed that the main respiration proceeds entirely via the 
terminal herain system and in view of the fact taht the latter, according to Warburg, 
is able to deal with any amount of metabolic hydrogen offered to it, the sole function 
of the carrier systems can consist only in a speeding up of terminal oxidation, but 
not in an increase of the total turnover of substrate. In the accessory respiration, on 
the other hand, the intermediary catalysts may control the volume of the process. 

The acceleration of main respiration by the complex system of carriers present in 
the cell may be due to two different mechanisms one of which is a matter of reaction 
kinetics, whereas the second istopochemical in nature. It has been pointed out on several 
occasions in this monograph (especially on p. 90) that the rate of an acceptor reaction 
depends on the difference in potential in such a manner that too great a difference in 
the redox potential may slow up either the reduction of the oxidized form of a catalyst 
or the oxidation of its reduced form by the noxt higher rodox system. Inasmuch as the 
slowest step determines the rate of the over-all process, maximum velocity of the latter 
can be expected only if the two interacting redox systems are not too far apart with 
regard to their normal potentials. Unless a favorable relationship exists between the two 
oxidized and the two reduced forms concerned, one of the two phases of the reaction, 
viz. the reduction of the catalyst or the dehydrogenation of the substrate, will be impeded 
(Michaelis 804) p. 146)). The importance of the intermediary catalysts for the 
bridging of the potential gap between metabolites and oxidation system is also stressed 
by Szknt-Gyorgyi 1122). 

It may w r ell bo that the main task of the yellow enzymes and of the three cytochromes 
consists in providing a finely graded "p o t e n t i a 1 1 a d d e r” from tho negative region of 
tho hydrogen activating systems to the positive potential of oxygen. 

In this connection, a thought of Warburg 1234) may be mentioned. He sees in the 
subdivision of tho terminal oxidation system into four steps (3 cytochrome components 
and the respiratory ferment) a measure to guarantee the maximum efficiency of the 
system. The efficiency of cell respiration is due to its maintenance at an almost constant 
level: it is independent of the 0 2 -tension as well as of the substrate concentration within 
wide limits. The independence from (^-concentration is assured by the rapid reoxidation 
of tho respiratory ferment which keeps it almost completely in the ferric form and thus 
maximally active even at a low 0 2 -tension. If the ferric form of the enzyme were to react 
directly with the substrate the rate of its reduction would depend on the substrate con- 
centration. In order to avoid a possible delay on this score, the cytochrome system inter- 
poses itself between tho enzyme and the substrate. Inasmuch as the cytochrome system 
is maintained essentially in the ferrous form during respiration, the reduction of the 
hemin enzyme by cytochrome is also effected at the optimum rate. The cytochrome system 
in turn is kept reduced by the substrate-dehydrogenase systems. 

The other mechanism capable of explaining the function of tho intermediary cata- 
lysts is one which takes the names "carrier” and hydrogen "transport” literally. When 
Thunberg coined the term "hydrogen transport”, he visualized a transport through 
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space rather than through a series of reaction steps. This concept has been adopted and 
refined by Wurmser 1364, p. 349), Rapkine and Wurmser963), Borsook 138, 136) 
and other workers. There is no doubt that the individual reactions take place at different 
locations within the coll. Dehydrogenations, for example, may occur at any place in the 
microheterogeneous system of cytoplasm with the aid of the freely diffusible carriers. 
Tho terminal oxidation of main respiration, on the other hand, is restricted entirely to 
the “iron centers” which are catalytically active “patches” embedded at certain points 
of the cell surface and interfaces. The terminal oxidation becomes thus a locally defined 
topochemical reaction of the type of a heterogeneous catalysis. If this picture is 
correct, the metabolic hydrogen has to be literally transported to these iron centers. This 
carrier function is executed by the intermediary catalysts which are at the same time 
freely mobile and able to combine reversibly with the metabolic hydrogen. In this 
manner, two “incomplete enzyme centers” are supplemented to form a complete and 
active system (Borsook) *). 

This concept is amenable to further elaboration: Quastel 962) assumes that the 
catalysts of anoxytropic dehydrogenations, too, are partly fixed at surfaces. If this is 
true, the carrier function of the intermediary catalysts assumes an even greater impor- 
tance: These mobile redox systems (dyestuffs, metabolites, etc.) would then transport 
hydrogen not only from a fixed dehydrogenase to the iron centers but also from dehydro- 
genase to dehydrogenase. The finding of Borsook 136) that a suitable dye will cause a 
transfer of hydrogen from the system formic acid + formic dehydrogenase to pyruvic acid 
or from lactic acid to fumaric acid in the presence of toluene-treated resting B. coli may be 
explained in this manner. 

Euler and Adler 10) and Green and Dewan 199) have recently gone even further: 
They report that specific proteins are required for the hydrogenation as well as the de- 
hydrogenation of diphosphopyridine nucleotide (cozymase). They suggest that the coen- 
zyme shuttles back and forth between these bearer proteins. Green and Dewan 199) 
depict the oxidation in animal tissues as being catalyzed by a series of immobile centers 
such as the respiratory ferment, cytochrome a and b, the coenzyme factor (or diapho- 
rase), etc., and a number of freely mobile carriers such as the pyridine coenzyme and 
cytochrome c. 

The subdivision of active enzymatic oxidation systems into homogeneously dissol- 
ved “activators” and into large “granules” which may be separated out by centrifuging 
and which are indispensable for the catalysis has been reported by a number of workers, 
e.g. Euler and Hellstrom 294), Green and Dewan 199), Bang a 63), Greville420). 

*) The hypothesis of the anchoring of the respiratory ferment to the architecture of the cell 
has been developed by Warburg to explain why all attempts to obtain the ferment or rather a normal 
respiration in homogeneous solution have met with failure. The usual oxidase preparations are 
either minced and washed tissues or turbid suspensions obtained from them by treatment with al- 
kaline phosphate. The loss of oxidase activity of such extracts upon clarification shows that the active 
principle or principles are contained in the suspended particles. The assumption has been made ex- 
plicitly and implicitly that the latter represent fragments of the cell with no defined or uniform struc- 
ture. Heart muscle oxidase preparations of this kind have now been subjected to fractional ultra- 
centrifugation (Stern, Horwitt and Scheff, unpublished). It was found that the enzymatic activity 
(cytochrome oxidase, cytochrome a and b, succinic dehydrogenase), is contained in that fraction which 
is sedimented at the lowest speed selected (GO r.p.s.). Measurements in the analytical ultracentrifuge 
indicate a sedimentation constant of approximately 500 X 10"“ 18 and a surprising degree of homo- 
dispersity. It does not appear impossible that these particles are large protein molecules or particles 
containing the various active centers in a well-defined spatial arrangement on their surface. 

K. G. Stern. 
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These findings may readily be explained on the basis of the “center-carrier” concept 
discussed above. 

3) Place of Individual Mesocatalysts in Desmolysis. 

In order to obtain full insight into cell respiration as a series of chemical reaction 
steps we would have to find out which intermediary catalysts of enzymatic or non- 
enzymatic nature are involved in passing the metabolic hydrogen from the substrate on 
to the first cytochrome component and the order in which these coupling links are arranged. 
Such an insight is at present little moro than a hope. We do know, however, a part of the 
chemistry of oxybiosis with regard to the individual stages of breakdown. It is the well- 
known schema: acetic acid — succinic acid — fumaric acid — malic acid — oxaloacetic 
acid — pyruvic acid and acetaldehyde respectively (But see the opposing views of 
Szent-Gyorgyi (p. 268)). We also know most of the specific dehydrogenases concerned, 
e.g. acetaldehydrase, pyruvic dehydrogenase, succinic dehydrogenase, malic dehydroge- 
nase, etc. Only the acetic dehydrogenaso is not yet defined as an individual enzyme. If 
we accopt the latter as a reality, the path of the metabolic hydrogen would lead from 
acetaldehyde over the following oxidation-reduction systems: Acetaldehydrase, acetic 
acid acetic dehydrogenase succinic acid, succinic acid succinic dehydrogenase 
fumaric acid, malic acid malic dehydrogenase oxaloacetic acid. The further change 
is carboxylatic in nature. If this simple schema would hold, it would mean that the system 
malic acid + dehydrogenase would be the redox system closest to cytochrome. Actually 
we are still ignorant of the nature of the coupling link with the cytochrome system 
and generally of the exact nature of the acceptors responsible for the dehydrogenation 
of the reduced form of the dehydrogenases. It is not even known whether the cytochrome 
component concluding the chain 0 2 —>* respiratory ferment -> cytochrome (a) — > cyto- 
chrome (c)-> cytochrome (b) has an absolute specificity for one metabolite-dehydrogenase 
system just as the respiratory ferment (cytochrome oxidase) represents a specific dehy- 
drogenase of cytochrome, or whether it may react with several systems in vivo just 
as it is reduced in vitro by malic acid -f~ malic dehydrogenaso, succinic acid -f~ succinic 
dehydrogenase and acetaldehyde -f- acetaldehydrase (Bigwood 115)). There is, further- 
more, the possibility that the cytochrome system does not interact directly with a redox 
system of the type formed by intermediary metabolites and their corresponding dehydro- 
genases, but only through the medium of another intermediary catalyst which is of a 
different nature. We know threo such carriers, e.g. the yellow enzyme, ascorbic acid and 
glutathione. Of these three the only one about which specific and pertinent information 
in this respect is available is the yellow enzyme. Its interaction with cytochrome has 
been studied by Tiieorell 1158). At least one of the sources is known from which the 
yellow onzyme accepts hydrogen. It may act as the dehydrogenase of the pyridine en- 
zymes (p. 212). While this mechanism has undoubtedly great importance for the meta- 
bolism of microorganisms like yeast, Green and Dewan 199) claim that in the tissues 
of higher animals this function of the yellow enzyme is taken over by the “ coenzyme factor” 
(Euler’s diaphorase) (p. 226)*). The reaction Dihydropyridine -f Flavoprotein ^ Pyridine 
+ Leucoflavoprotein appears to be a reversible one under certain circumstances. The 
flavin enzyme might therefore play some role in fermentation in addition to its function 
in oxybiosis where, at least in yeast, it is instrumental in coupling the anoxybiontic 
preparatory stages with the system of terminal oxidation. The enzyme is qualified for 
the function of an important intermediary catalyst of oxybiosis by the fact that it is 

*) Diaphorase has now been shown to be also an alloxazine protein (see Footnote, p. 227). 
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autoxidizable and that it is also dehydrogonated by cytochrome c (Theorell 1169)). 
Whether the enzyme will react in vivo with molecular oxygen or with the hemin system 
(provided the latter is available) depends largely on the partial pressure of oxygen. 

Models demonstrating catalysis by the yellow enzyme and rogoneration of the active 
form by autoxidation are the Warburg-Ciiristian system (hexosemonophosphate- 
dehydrogenase (carrier protein + codehydrogenase II) — yellow enzyme — 0 2 ) and the 
analogous Eijler-Adler 6a) system (Alcohol — alcohol dehydrogenase — yellow en- 
zyme — Og). In hemin-free cells, too, e.g. in facultative anaerobic lactic acid bacteria, 
the ‘'respiration” is catalyzed by the yellow ferment which establishes direct contact 
with molecular oxygen (Warburg 1234)). 

If normally respiring cells, e.g. bakers yeast or acetic acid bactoria, are poisoned by 
HCN, it can bo shown by photoelectric methods (Warburg 1234)) that the yellow 
enzyme dehydrogenates its substrate and is in turn reoxidized by 0 2 . This does not prove, 
however, that the yellow enzyme, under normal conditions, functions independently of 
the hemin system. On the contrary, the reoxidation of the flavoprotein is normally 
accomplished by the terminal oxidation system (Theorell 1168)). If the latter is 
blocked, the yellow ferment is forced to roact directly with molecular oxygen. Since this 
reaction is relatively slow r at the 0 2 -pressure obtaining within the cell, the cyanide 
resistant residual respiration amounts to only a small fraction of the full hemin respiration 
(0.5 per cent in bakers yeast and 0.1 per cent in acetic acid bacteria). Tho low T efficiency 
of the “yellow enzyme respiration” is best demonstrated in tho caso of the hemin-froe 
lactic acid bacteria. Here, 1 flavoprotein molecule transfers only 100 0 2 -molecules per 
minute, or, in terms of the actual experiment, 1 cc. of cells absorbs only 1 ce. 0 2 per 
minute. For this result the pigment is reduced and oxidized 80 times per minute (“ Weoh- 
selzalil”). Inasmuch as the reduction is a rapid reaction, the limiting step is tho reoxi- 
dation by 0 2 which is relatively slow due to the low affinity of the onzymo for oxygon. 

Another indication that the yellow enzyme may partly substitute for the hemin 
system in emergencies may be seen in the results of Pett 926a) who finds that the flavin 
concentration in yeast increases, if cyanide is added to the culturo medium; whereas it 
decreases if the normal respiration is stimulated. 

In normally respiring cells there is a certain competition between the hemin system 
and the yellow enzyme for the oxygen. Due to its far greater () 2 -affinity tho respiratory 
ferment wins. Theorell 1159) has shown that at a partial oxygen pressure of 38 mm 
about 80 per cent of the oxygen will go through the cytochrome oxidase-cytochrome 
channel. Inasmuch as the 0 2 tension in tho coll is probably still low er, it may be accepted 
that under normal physiological conditions practically the entire reoxidation of the di- 
hydroform of the yellowr enzyme is accomplished by the hemin apparatus. According 
to the measurements of Haas (cf. Theorell 1158)) the “Wechselzahl” of the yellow 
enzyme would have to be 4800 in bakers yeast and 19,000 in 13. pasteurianum, in- 
stead of 30, if the wdiole respiration were to proceed via the flavoprotein. Even in pure 
oxygen at 38°, the “Wechselzahl” of the pure ferment is only 55 (Theorell 1154)). 
Inasmuch as the reoxidation of the yellow ferment by cytochrome is also far from being 
a rapid reaction, Theorell 1161) concludes that the fraction of total respiration invol- 
ving the enzyme as a carrier between dehydrogenase systems and cytochrome is hardly 
greater than the cyanide resistant residual respiration. This would mean that the yellow 
enzyme, at best, fulfills a highly specialized role in normal cell respiration by coupling 
certain early oxidative stages, perhaps those catalyzed by pyridine enzymes, directly 
with the terminal respiratory complex. It is, of course, quite possible that the yellow 
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enzyme not only transfers hydrogen to cytochrome but that it may also react with other 
acceptors, e.g. fumaric acid. 

There is little to say at the present time about the function of glutathione as 
an intermediary catatyst and about its relation to cytochrome or any other component 
of the respiratory chain. It is true that ferricytochrome is rapidly reduced, in vitro, 
by SH-glutathione (Biowood 118)), but this is not enough to prove the actual physiolo- 
gical function of glutathione. It is puzzling that in the living cell the glutathione is pre- 
sent practically entirely in the reduced form (Biericii ot al. 112)). If the tripeptide should 
be able to transfer metabolic hydrogen, e.g. to cytochrome, it must be so rapidly reduced 
by more negative systems that the equilibrium is alw T ays shifted far to the side of tho 
thiol form. The addition of glutathione to living cells has failed to provide much useful 
information: the respiration of yeast or of animal tissues is affected neither by SH-glu- 
tathione nor by SS-glutathione. Most tissues, e.g. liver, brain, erythrocytes, sarcoma 
cells, keep glutathione in the reduced state. Kidney will oxidize slowly both glutathione 
and cysteine (Rosenthal and Voegtlin 1006)). According to the findings of Elliott 
240), it is improbable that glutathione acts as a carrier between the succinic dehydroge- 
nase and the cytochrome system. Ogston and Green 896) find hardly anv interaction 
between the succinic acid + succinic dehydrogenase system and glutathione. Taken all 
together, we are unable to assign a place to this much discussed pept ide in the framework 
of cell respiration. It may be, that, after all, it exerts no general but only certain special 
functions, such as regulation of protein metabolism through interaction with the sulfur 
containing groups in cathepsin (Waldschmidt-Leitz) or a possible function in the 
Pasteur-Meyerhof reaction (p. 98) duo to its action as “cofermeiit” of the ketonealde- 
hyde mutaso (glyoxalase). It may also remove traces of heavy metals by forming com- 
plexes with them and thus prevent them from oxidizing other important substances: 
or H 2 0 2 might bo "detoxified” by the dehydrogenation of SH-glutathione (Eujita 383)). 
One might also montion the recent observations of Tait and King 1128) according to 
which glutathione catalyzes the oxidation of phosphatides in vitro. In general it may 
be stated that the difficulty with regard to the r61e of glutathione is no longer tho question 
of its reduction by metabolic systems but rather that of its rapid reoxidation for the pur- 
poses of an oxidative catalysis (cf. Ogston and Green 896)). 

Still less is definitely known about the function of ascorbic acid. At one time 
Szent-Gyorgyi 1119) postulated a direct oxidation of metabolites by a system con- 
sisting of ascorbic acid and a specific oxidase. While such a concept is no longer tenable 
and has even been abandoned by Szent-Gyorgyi for the case of animal tissues, it is 
quite possible that ascorbic acid and its oxidase constitute an important oxidation 
system in plants. The existence of ascorbic oxidase as a specific enzyme is more or less 
generally accepted. Since its original discovery by Szent-Gyorgyi, it has been encoun- 
tered by Zilva 1382) and several other workers, e.g. Tauber. Johnson and Zilva 506) 
have been able to differentiate between the enzymatic oxidation of ascorbic acid and 
that of a quinone catalysis where the vitamin is oxidized in a secondary reaction by the 
oxidized form of certain phenols, while the reduced form of the phenols is reoxidized 
either peroxidatically or by polyphenol oxidase. Ascorbic acid oxidase is a typical, 
oxytropic dehydrogenase and is stated to be cyanide resistant, although t he presence of 
copper in the molecule is strongly indicated. The steric specificity of the catalyst (only 
I-ascorbic acid is attacked) supports tho idea of a specific enzyme rather than that of an 
unspecific heavy metal catalyst (Rosenberg 1003)). For details see Oppenheimer s 
Supplement” p. 1588. 
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4) Fu marie Acid Catalysis*). 

Development of Szent-Gyorgyi’s Theory: 

One of the facts which induced Szent-Gyorgyi to investigate the general impor- 
tance of succinic and other C 4 -dicarboxylic acids for cellular respiration was 
the observation that of all dehydrogenaso systems examined only succinic dehy- 
drogenase -f succinic acid will rapidly reduce ferricytochrome c. Whereas lactic 
dehydrogenase + lactic acid can readily reduce dyestuffs of the type of methylene blue, 
this system cannot react with ferricytochrome. Ogston and Green 896) find that of 
eleven donator-dehydrogenase systems studied only the succinic system will reduce 
cytochrome. Inasmuch as it is generally accepted that in cellular respiration the cyto- 
chrome oxidase-cytochrome (or Warburg-Keilin) system brings about the terminal 
oxidation of the various metabolites the hydrogen of which has been “activated” or 
labilized by specific dehydrogenases, Szent-Gyorgyi began his search for the missing 
link between the dehydrogenases on the one hand and the Warburg-Keilin system 
on the other hand. The possibility suggested itself that succinic acid in conjunction with 
its dehydrogenase acts as this catalytic hydrogen carrier. The following facts support 
this hypothesis: Succinic dehydrogenase, the enzyme capable of catalyzing the rapid 
dehydrogenation of succinic acid to fumaric acid by suitablo redox systems, e.g. ferri- 
cytochromo, is present in all animal tissues and also in yeast and bacteria. The addition 
of fumaric acid to tissues has long been known to increase their respiration (Thunberg, 
Gronwall, etc.). Gozsy and Szent-Gyorgyi 404a) showed that this effect is catalytic 
in nature, since the addition of small amounts of fumaric acid to minced pigeons breast 
muscle will increase the respiration without being used up itself. The effect of the fuma- 
rate actually is not so much an increase in rate of respiration, but a “stabilization” of the 
respiratory rate: the addition of fumarate to muscle in vitro prevents the falling off of the 
oxygen uptake usually observed after about 30 mins, and also the simultaneous de- 
crease of the respiratory quotient from unity to 0.8 (Banga 1126)). Finally, the res- 
piration is strongly inhibited by nialonic acid which had previously been shown to poison 
succinic dehydrogenase, allegedly, in a specific manner (Quastel et al. 943, 963)). The 
presence of an excess of fumaric acid, however, renders the tissue insensitive towards 
malonate (Banga 1126)). This and another fact appeared to militate against the 
simplest hypothesis, viz. that, the succinic acid-dehydrogenase-fumaric acid system alone 
fills the gap between the Warburg-Keilin system and the metabolites of the cell. 
The other fact is the presence of an active enzyme, called fumarase, in all cells which 
catalyzes the hydratation of fumaric acid to malic acid in a perfectly reversible manner. 
The function of this ubiquiteous catalyst would be left unexplained by the simple hypo- 
thesis. As a matter of fact, the rapid transformation of fumaric acid into malic acid by 
this enzyme should interefere with the catalytic role of the succinic-fumaric cycle. In- 
cidentally, Das 194), working in Szent-Gyorgyi’s laboratory, has since shown that the 
relief of the malonate inhibition of respiration by fumaric acid does not rulo out the simple 
succinic acid hypothesis: Malonate may compete successfully with succinic acid but not 
with fumaric acid for the active center of succinic acid dehydrogenase. Once fumaric 
acid has been attached to this center it may accept hydrogen atoms from other meta- 
bolites and hand them on to cytochrome without interference by malonic acid. Only 


* ) The results and interpretations of Szent-Gyorgyi up to August, 1937, are summed up in 
his excellent review in the Acta Med. Szeged 1126) which has also been published in book form. 
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those molecules leaving the enzyme surface in the form of succinic acid will be prevented 
from further interaction with tho enzyme by the inhibitor. This slow, secondary process 
loses much of its importance in the presence of added fumaric acid. Szent-Gyorgyi 
initiated a search for other C 4 -dicarboxylic acids, representing a higher state of oxidation 
as compared with succinic and fumaric acid, which might act as hydrogen transmitters 
to the Warburg-Keilin system. Banga and Laki (l.c. 1126)) showed that such C 4 - 
acids of higher degree of oxidation could be represented by the fumaric-hydroxyfumaric 
acid system. The enzyme active here would be a fumaric dehydrogenase. The hydr- 
oxyfumaric acid is unstable and is assumed to undergo a molecular rearrangement to 
oxaloacetic acid. Now muscle contains an enzyme system which will change fumaric 
acid rapidly into oxaloacetic acid. Green 416) held the view that the enzyme acts on 
malate which arises through the hydratation of fumarate by fumaraso and not on fumarate 
directly. Laki 693) proved the view of Green to be correct. Consequently, the system 
fumaric-hydroxyfumaric acid is to be replaced by the system malic-oxaloacetic acid. 
The function of the fumaraso would consist in the provision of malic acid from fumaric 
acid, the equilibrium concentration in the presence of the enzyme being 8 : 1 in favor of 
malic acid. Banga 1126) demonstrated that malate is oxidized to oxaloacetate by 
the muscle enzyme at a rate comparable to the rate of total respiration. On the other 
hand, oxaloacetate was rapidly reduced when added to the tissue. According to Szent- 
Gyorgyi 1125), oxaloacetate represents the physiological H acceptor and a determina- 
tion of the amount of oxaloacetate reduced to malate by a tissue is a true measure of the 
amount of metabolic hydrogen activated in the tissue. However, it was evident that a 
simple substitution of the malic-oxaloacetic acid system for the original succinic-fumaric 
acid system in the schema of cell respiration was equally insufficient to take into account 
all the facts known about the importance of C 4 -dicarboxylie acids for cell respiration. Of 
the three most important facts, viz., the existence of succinic dehydrogenase, the exis- 
tence of fumarase, and the rapid reduction of oxaloacetate by tissues, the succinate- 
fumarate theory can explain only the first and the malate-oxaloacetate hypothesis only 
tho last, while tho existence of fumarase is not sufficiently explained by either hypothesis. 
This state of affairs led Szent-Gyorgyi to his “united” theory which attempts to fill the 
gap in the respiratory chain by assuming a cooperation of both systems: 
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This schema would furnish an adequate explanation for the existence of fumarase 
which would have the function to maintain a proper balance between the concentrations 
of the various C 4 -acids. The scheme, furthermore, is thermodynamically possible: The nor- 
mal oxidation-reduction potential of the malate-oxaloacetate system is E' c =* — 0.169 V. 
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at ph 7 and 37° (Laki 692)) and that of the succinate-fumarate system is E' 0 = — 0.018 V. 
at ph 7.2 and 37° (Lehmann 708)). The malate-oxaloacetato system should, therefore, 
be able to reduce tho succinate-fumarate system. Green 416) was able to show that such 
an interaction will actually occur provided that an electroactive coupling link or H 
carrier is present. Straub 1106) finds that malate will reduce cytochrome only via the 
fuinarate-succinate system. The hydrogen coining from other donators may reach 
cytochrome only by the double system of hydrogen transfer indicated above. 

Although Banga 64) washed her preparations containing the succinic and malic 
dehydrogenase extensively, they were still able to transfer hydrogen from donator sys- 
tems to the cytochrome. This is duo to the fact that the enzyme preparation retains 
tenaciously traces of the C 4 -acids which suffice for the purpose of tho catalysis. Szent- 
Gyorgyi 1125) concludes from this observation that the enzymes do not utilize the en- 
tire amount of C 4 -acids present in the tissues for the catalytic IT transfer but only a 



Pig. 17. Schema of Cell Respiration according to Szent-Gyorgyi 1125). The semicircle represents 
a granule of the muscle cell. The picture is somewhat simplified by not writing the three cytochromes 

in series. 

few molecules which are rather firmly attached to the enzyme surface in an activated 
condition. He actually goes so far as to designate these C 4 -acid molecules as prosthetic 
groups of the enzymes in question. In this terminology, succinic dehydrogenase, when 
dialyzed free from all traces of succinic and fumaric acid, would represent a spocific 
bearer protein requiring some succinic or fumaric acid for the formation of the active 
enzyme complex. 

Recently, Szent-Gyorgyi and his collaborators have extended their analysis of 
the chain of respiratory catalysts. The aqueous, turbid extracts obtained by treating 
pigeon breast muscle with water exhibit a respiration of the same order as that of the 
whole muscle. The turbidity of the fluid is caused by the presence of microscopic granulae 
which can be separated in the centrifuge and which contain the Warburg-Keilin 
(cytochrome oxidase-cytochrome) system, succinic and malic dehydrogenase. Neither 
these granules nor the remaining clear fluid show any appreciable oxygen consumption. 
By remixing, however, the original respiration is restored. It was found that the clear 
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fluid contains, in addition to donators and coenzymes, a thermolabile substance of pro- 
tein nature which is necessary for the oxygen uptake of the entire system (Banga 63)). 
Banga 63) could show that the donator present in the clear fluid is hexosemono- and 
diphosphate. Experiments by Laki, Gozsy and by Moruzzi indicate that hexosephos- 
phate is not dehydrogenated as such but that it is split into triosephosphate prior to 
dehydrogenation. The protein present in the clear tissue fluid appears to be the bearer 
protein of the triosephosphoric acid dehydrogenaso. For its functioning cozymase is 
required (Straub, quoted by Szent-Gyorgyi 1125)). When an attempt was made to 
reconstruct the whole system by mixing the microscopic granules, containing the War- 
burg-Keilin system and the dehydrogenases, with coenzymes, fumaric acid, donator 
and the thermolabile activator, the ensuing oxygen uptake does not usually reach the 
level obtained in normal respiration. This was ascribed to the lack of sufficient amounts 
of an eloctroactive carrier connecting some of the active centers embedded in the surface 
of the granules. In the instance of the cytochrome oxidase and succinic dehydrogenase 
centers cytochrome c fulfills this role. It was found that the lack in "contact” was be- 
tween the succinic dehydrogenase and the malic dehydrogenase centers and that it 
may be remedied by adding some yellow enzyme. The redox potential of this soluble 
enzyme, E' 0 = — 0.060 V. at ph 7 and 38° (Kuhn and Boulanger 636)) makes it a 
suitable carrier between the two dehydrogenases. It can be shown that the yellow enzyme 
is actually reduced by the malate system and that it is oxidized by fumarate activated 
by succinic acid dehydrogenase (Laki 691)). The complete system which shows a rapid 
oxygen uptake, is represented by the schema in Fig. 17 (From Szent-Gyorgyi 1125)). 

Applicability of the Theory to other Tissues and Donators: 

The theory of Szent-Gyorgyi was worked out with minced breast muscle of the 
pigeon as the biological material. The respiratory quotient of muscle (just as that of brain) 
is close to unity and thus indicative of a pure carbohydrate combustion. F. J. Stare 
1064b) finds that the C 4 -cyclo operates also in minced kidney and liver tissue. This is 
borne out by model experiments with dyes (Straub 1106)). Greville 419) reports that 
the pure carbohydrate respiration of brain cortex and retina tissue is inhibited by malo- 
nate, but that fumarate will only partially relieve this inhibition. Respiration artificially 
accelerated by dinitro-o-cresol in brain cortex and tumor tissue is strongly inhibited by 
malonate, whereas that produced in tumor tissue by a redox indicator was not. He points 
out that observations made on malonate inhibition cannot confirm any particular theory, 
since the effect of malonato is not strictly specific. The same author (Greville 420)) 
was able to confirm many of the original observations of Szent-Gyorgyi and his asso- 
ciates with regard to the effect of fumarate and malonate on pigeon breast muscle and 
also Banga’s findings concerning the distribution of the active system over freely 
dissolved and granular material. 

Certain tissues are deficient in the Szent-Gyorgyi (succinic-malic dehydrogenase) 
system. Boyland and Boyland 140a) find that cancer tissue shows a very small response 
to the addition of fumarate and malonate in tho same direction as muscle tissue. Banga 
(quoted by Szent-Gyorgyi 1125)) failed to observe an appreciable reduction of 
oxaloacetate or pyruvate by rapidly growing malignant tumors. Breusch 148) confirms 
the existence of a partial disturbance in the hydrogen transport mechanism by C 4 - 
dicarboxylic acids in mouse tumor tissue (skin carcinoma of the Royal Cancer Institute, 
London). This tumor is unable either to form or to reduce oxaloacetic acid. The power to 
dehydrogenate succinic acid is about 20 per cent of that of normal muscle tissue. This is 
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ascribed to a deficiency in the activity of the Warburo-Kbilin system rather than in 
that of the succinic dehydrogenase present. The reversible transformation of fumaric 
acid into malic acid, on the other hand, is undisturbed in mouse tumor tissue. Contrary 
to normal muscle tissue, tumor tissue is stated to be unable to desmolyse slowly C 4 -dicar- 
boxylic acids added in excess, even in presence of arsenite which in normal muscle will 
enhance this process. While the total respiration of tumor tissue is markedly increased 
by the addition of cozymase, the defect in the hydrogen transport by the C 4 - dicar boxy lie 
acid system is thereby not remedied. It is very interesting to note that embryonic tissue 
behaves very similar in this respect to rapidly growing malignant cells (Szent-Gyorgyi, 
I. Banga and A. Blazs6 (cf. 1126); Breusch). 

Another exception is lung tissue: neither fumaric nor malic acid have an effect on 
its respiration. Succinate is also only slowly attacked due to the low activity of the 
succinic dehydrogenase present (Breusch 149)). Oxaloacetic acid is just as slowly 
reduced as by tumor or embryonic tissue. 

The C 4 -system participates also in the oxidation of substrates other than hexoso- 
phosphate. For example, the reduction of methylene blue by lactate is inhibited by 
malonate in the presence of muscle enzyme. Other donators for the C 4 -system are ethyl 
alcohol, citric acid, pyruvic acid, lactic acid. In these cases, the whole C 4 -system is not 
necessarily required. Certain donators with a normal potential not sufficiently negative 
to reduce oxaloacetic acid may possibly reduce only fumarate with the aid of tlio yellow 
enzyme. This must be so with lactic acid as donator which has the same potential as 
malic acid and cannot be expected, therefore, to reduce oxaloacctate (Laki 692)). The 
absence of malic dehydrogenaso in tumor and embryonic tissue suggests that these 
tissues utilize as main donator a substance reducing fumarate but not oxaloacetate. 
Experiments by Breusch (cf. Szent-Gyorgyi 1125)) suggest that lactic acid is the 
donator hero. Actually, both tumor and embryonic cells will produce lactic acid in ap- 
preciable amounts. 

The C 4 -dicarboxylic acid system is not involvod in the oxidative deamination of 
amino acids (Das 193)). Dehydrogenases which aro able to react with molocular oxygen 
directly, e.g. Schardinger’s enzyme, xanthine oxidase, do not depend on the (J 4 - 
system for their activity. 

The question of the specificity of inhibitors in connection with the problem of the 
0 4 -dicarboxylic acid catalysis deserves further scrutiny. Leloir and Dixon 711) have 
recently tested the effoct of pyrophosphate on a number of dehydrogenase systems. They 
find that this substance specifically poisons succinic dehydrogenase. This fact, when 
considered in the light of Szent-Gyorgyi’s theory, may well explain the strong inhibition 
of tissue respiration by pyrophosphate. Weil-Malherbe 1287), on the other hand, 
points out that malonate not only inhibits succinic dehydrogenase but other dehydroge- 
nase systems as well. 

Arguments against Szent-Gyorgyi’s Theory: 

One possible argument against Szent-Gyorgyi’s theory has already been mentioned 
(p. 268): if succinic dehydrogenase is of vital importance for cellular respiration, then 
malonic acid which strongly inhibits this enzyme should always inhibit the oxygen 
uptake of tissues. The explanation given by Szent-Gyorgyi for the fact that this is not 
always the case, is that the 0 2 uptake is the final result of the function of a long chain 
of individual steps. The rate of the over-all reaction is naturally limited by the slowest 
step. Malonic acid may, therefore, be expected to interfere with the normal oxygen 
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consumption, if tho hydrogen transfer by the succinic dehydrogenase is or can bo made the 
limiting factor in the chain by the addition of malonato. Addition of fumarate, on the 
other hand, may only be expected to increase respiration, if the concentration of C 4 -dicar- 
boxylic acids is the limiting factor. The observation of conditions under which neither 
fumarate nor malonato will affect the rate of oxygen consumption does, consequently, 
not constitute proof against the existence of the Szent-Gyorgyi cycle. 

Another, apparently more serious, objection is that it is well known that C 4 -dicar- 
boxylic acids are intermediary products in carbohydrate metabolism and that they thus 
serve as a fuel for the cell. The inference is that substances which are irreversibly broken 
down by the cell cannot bo considered to be true catalysts. Now it is true that fumarate 
when added to tissues in large amounts is burned (Tiiunberg) and that this process has 
a respiratory quotient above unity (Gronwall) which indicates irreversible combustion 
of the fumarate. Innes 500a) reports a rapid oxidation of fumaric acid by muscle via 
malic acid. She finds the extra oxygen uptake accounted for by the amount of fumarate 
added and therefore does not concede a catalytic effect of this substance. Succinic acid 
when fed to animals is not excreted (Flasciikntraeger) and is thus probably burned. 
Szent-Gyorgyi, while confirming these experimental observations, differs in their 
interpretation. He distinguished between tho fate of small and of large concentrations 
of added fumarate. At low concentrations, tho effect must necessarily be a catalytic one, 
because the amount of 0 2 taken up exceeds several times tho amount needed for com- 
bustion of the fumarate added and particularly because Stare and Baumann 1064b) were 
able to recover the fumarate added at the end of the experiment. Furthermore, the 
respiratory quotient does not exceed unity but will be raised only from 0.8 to 1.0. Large 
amounts of fumarate, on the other hand, are slowly and irreversibly burned by the 
tissue with the exception of the very small amounts of C 4 - acids needed for the upkeep of 
the catalytic cycle and strongly adsorbed at the enzyme surface. 

On general principles this argumentation of Szent-Gyorgyi is to be supported. It 
is one of the major recent developments of cellular physiology that not only enzymes, i.e. 
substances specially constructed by the cell for catalytic purposes, but also certain meta- 
bolites may servo the double function of an intermediate in desmolysis and of a catalyst 
during a certain phase of the total process. All one has to do in order to avoid confusion, 
is to distinguish between the reversible and the irreversible phases of the over-all process. 

Another objection has been raised by Knoop 1125). lie points out that a great 
number of substances, e.g. imino acids, aldehydes, ketones, compounds with double 
bonds between G atoms, are reduced by the cell. He would prefer the view that the 
metabolic hydrogen, after being split off from the first donator, may find its way to tho 
oxygon by a groat number of possible routes one of which is that through the 0,-acids. 
Krebs, too, regards the reduction of oxaloacetate by tissues as one of many examples 
of the reduction of CO groups. Szent-Gyorgyi's 1125) answer to this criticism is that 
experience shows that the main process of respiration follows a strictly defined path. 
One of the restrictions is that any metabolic hydrogen in order to be eventually oxidized 
by the Warburg-Kkilin system must pass through tho succinate-succinic dehydrogenase 
link. Oxidation-reduction potentials alone or even primarily do not prescribe the path of 
the hydrogen for this is largely determined by conditions of chemical affinity. 

A critical discussion of Szent-Gyorgyi’s theory may bo found in Oppenheimer’s 
"Supplement”, p. 1281. 


Oppenheimer-Stern, Biological Oxidation. 
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5) Citric Acid Catalysis*). 

Krebs* Theory: This theory which has recently been put forward by Krebs 
constitutes a modification and extension of Szent-Gyokgyi’s C 4 -acid theory as developed 
in the preceding section. 

Krebs and Johnson 611) observed that tho addition of minute quantities of citric 
acid to muscle tissue will accelerate the combustion of carbohydrates in a manner similar 
to the effect of succinic acid. The experimental analysis of this phenomenon has led to 
the following results. In agreement with the findings of Knoop and Martius 683), citric 
acid is transformed into a-ketoglutaric acid by living cells. The proof rests on the use of 
arsenious oxide as inhibitor of the enzyme or enzymes normally attacking tho ketoglu- 
taric acid without interfering with the oxidation of the citric acid. Ketoglutaric acid, 
in turn, upon oxidation yields succinic acid and C0 2 (see p. 253). By adding malonic acid 
to muscle tissue, the desmolysis of citric acid may be stabilized at tho succinic acid stuge. 

According to Krebs, the original succinic acid cycle of Szent-Gyorgyi, schema- 
tically represented by Krebs as follows 

a) Oxaloacetic acid + “hydrogen of organic molecules** succinic acid 

b) Succinic acid -f- 0 2 — > oxaloacetic acid -f H 2 0, 

although undoubtedly occurring, cannot account for the whole catalytic effect because 
of the slowness of step a). Casting about for an alternative mechanism, the experiments 
described above suggested citric acid as a component in the catalytic cycle. To this end, 
it would be necessary to demonstrate a regeneration o[ citric acid from one of its break- 
down products. Actually it is found that addition of oxaloacetic acid to muscle tissue 
causes the synthesis of citric acid in comparatively largo amounts. This synthesis which 
occurs under anaerobic conditions, is tentatively depicted by Krebs as follows: 
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*) Reference is made to the review article by Krebs 607 )). 
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by molecular oxygen. The whole schema, called the "citric acid cycle”, is represented 
in the following way: 

>- Oxaloacetic Acid Carbohydrate derivative (Pyruvic Acid?) 

Citric Acid 
a-Ketoglutaric Acid 
Succinic Acid 
>■ Fu marie Acid 

Each phase of this cycle is an oxidative process. Krebs believes that this scheme 
outlines the principal pathway of the oxidative breakdown of carbohydrate in muscle 
tissue. Ketone bodies may arise under special conditions through an alternative path 
branching off from the pyruvic acid (Krebs and Johnson 609, 610)): 

a) CH 3 C0*C00H -> CH 3 -C00H + C0 2 
b) CH 3 i 
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This is in agreement with the observation of Embden and Oppenheimer in 1912, 
that the addition of pyruvic acid to liver in excess will give rise to increased ketone body 
formation. The rato of these reactions is stated to be small compared with the normal 
rate of the citric acid cycle. They may be of importance, however, for the explanation of 
diabetic acidosis. Krebs concludes (607)) that “it is now evident that carbohydrates 
as well as fats may be the source of ketone bodies.” 

Objections against Krebs’ Theory: The theory of Krebs has recently 
been subjected to a critical reinvestigation in Szent-Gyorgyi’s laboratory. Breusch 147) 
began by checking the results of Knoop and Martius. He was able to confirm their 
finding that citric acid is changed by tissues into a-ketoglutaric acid and also that citric 
acid, isocitric acid and cis-aconitic acid are reversibly transformed into each other in 
cells. This is even true for mouse tumor tissue, although the tumor cells are unable to 
break down citric acid. Citric acid when added to normal tissues in vitro disappears 
both aerobically and anaerobically, but more rapidly under aerobic conditions. 

Theoretically, there exist 8 possibilities for a catalytic function of citric acid as hy- 
drogen transporter: 1) by virtue of a reversible change from tricarballylic acid to cis- 
aconitic acid, 2) by an equilibrium between ketotricarballylie acid and isocitric acid, 
and 8) by the citric acid cycle as postulated by Krebs. Process 1) which is analogous 
to the dehydrogenation of succinic acid does not occur in tissues (liver, muscle) to any 
appreciable extent. Reaction 2) is unlikely since crude ketotricarballylie acid was not 
reduced to isocitric acid. Breusch maintains that the third possibility, i.e. Krebs’ 
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citric acid cycle, is also not a reality under physiological conditions. He believes that citrio 
acid is not formed from oxaloacetic acid in the tissue. If the latter is added to tissues, the 
main fraction is converted into Z-malic acid whilo the amount of citric acid presont, in- 
stead of increasing in accordance with Krebs’ claim, decreases through oxidative break- 
down. Brkijscii summarizes his findings by stating that so far no valid proof has been 
offered to the effect that the (^-tricarboxylic acid system of citric acid and related 
compounds fulfills a function in oxygen- or hydrogen transport analogous to that perfor- 
med by the C 4 -dicarboxylic acid system. 
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